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AIR CONDITIONING 


CONSTANT VOLTAGE fo 


With this transformer maintaining op- 
erating voltage within +1% of rated 
requirements, regardless of supply line 
fluctuations as great as 30%, trouble- 
free operation of your equipment be- 
comes a reality. 

Here is what can be accomplished by 
building this Sota Constant Voltage 
Transformer into your equipment. 


1. Increased efficiency. 
2. Lowered cost to the user. 


- — 


y 


3. Reduced maintenance expense. 


This Type 11 Sota Constant Voltage 
Transformer is designed specifically for 
such domestic applications as heating 
and ventilating controls, FM and tele- 
vision receivers, refrigeration and air 
conditioning controls and other similar 
products where stable voltages must be 
maintained. Like all Sona Constant 
Voltage Transformers, regardless of size 
or capacity, it operates automatically, 
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Constant)Voltage Transformers 


HEATING 
CONTROLS 


r home equipment made 
possible by this low-cost 


transformer 


has no moving parts, and requires no 
supervision. 

Type 11 is just one of 31 standard 
types in capacities ranging from 10VA 
to 10,000VA that are available to manu- 
facturers of all types of electrically 
operated equipment. Special units can 
be built to your exact specifications. 
SOLA engineers are available for a dis- 
cussion of your problems. 


Write for new Handbook 
A complete treatise on the subject 
of voltage stabilization. It pro- 
vides the answer to a problem 
that confronts every manufac- 
turer or user of electrically op- 
erated or electronic equipment. 


Ask for Bulletin ACV-102 


Transformers for: Constant Voltage »Cold Cathode Lighting» Mercury Lamps: Series Lighting « Fluorescent Lighting + X-Ray Equipment + Luminous Tube Signs 
Oil Burner Ignition * Radio * Power * Controls * Signal Systems * etc. SOLA ELECTRIC COMPANY, 2525 Clybourn Avenue, Chicago 14, Illinois 


Registered United States Patent Office 
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J U N E The Cover. Necaxa hydroelectric plant in Mexico, with a static head of 1,453 feet, employs nine 


| Q 4 6 generators having a total capacity of 100,000 kw. 
Mexican Light and Power Company, Limited, photo 
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REALIZATION o @ 


System’s Potential Economy is Largely 
in the Dispatcher’s Hands 


The system economy which a load dispatcher customarily maintains 


—and which is his regular responsibility—can be increased very sub-_ 


stantially by giving him two automatic “tools” for his work. 


One tool is a Micromax Load Recorder or Recorders to show load 
conditions promptly and continuously. The other tool is LYN Auto- 
matic Load-Frequency Control, to carry out the dispatcher’s orders. 


Approximately 1/100 of 1 per cent—or the order of twenty-five 
hundred dollars out of 25 million—of the total capital invested in a 
power system, will give its dispatchers this equipment. The installa- 
tion is even more advisable when one recalls that the dispatchers are 
largely responsible for operation of the major equipment which repre- 
sents a big share of the total investment. 


This is just one reason why systems totaling more than 35,000,000 kw 
capacity now use these L&N instruments. At your request, an L&N 
engineer will be glad to sit down with you and explain, or to send Tech- 
nical Publication N-56-161(1), as you may prefer. 


LEEDS & NORTHRUP COMPANY, 4962 STENTON AVE., PHILA., PA. 


MEASURING INSTRUMENTS - TELEMETERS - AUTOMATIC CONTROLS - HEAT-TREATING FURNACES 
Jrl. Ad N-50-161 (4) 


L&N Load Recording and Load-Frequency Control- 
ling Panels. Above—for a Public Utility; below—for 


a Steel Mill. 
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439 persons registered, the North Eastern 
District meeting held in Buffalo, N. Y., 


_ proved to be the best attended of the spring 


District meetings. Of the technical ses- 
sions, those on power systems, communi- 
cation and war developments, and trans- 
mission and distribution were the most 


’ popular. Much interest was evinced also 


in a discussion of the nontechnical problems 
facing the engineering profession today. 


_ This discussion was the high point of a gen- 


eral luncheon meeting at which question- 
naires, designed to ascertain the general 
attitude toward a proposed reorganization 
of the engineering societies, were distribu- 
ted. The lighter side of life was not 
neglected and ‘“‘a good time was had by all’’ 
at the various social events included in the 
program (pages 274-5). 


Southern District Meeting. A _ lively 
interest by Student members highlighted 
the sixth annual meeting of the Southern 
District, held this year in Asheville, N. C., 
May 14-16, with representatives from 
15 of the 18 Student Branches in the 
District participating in the Student con- 
ference. Another highlight of the meeting 
was a technical program which was devoted 
very largely to problems of particular inter- 
est to the industrial south. Worthy of note 
in the general field was an address by Past 
President Powel describing the present con- 
dition of Germany as based upon his ob- 


‘servations during a recent 9-month tour of 


that country. Mr. Powel visited Germany 
as a member of the Allied Control Commis- 
sion (pages 267-8). 


New Institute Policies. “Expansion of the 
AIEE headquarters staff with a corre- 


sponding increase in its responsibilities, 


separation of the publication of technical 
papers and discussions from the publication 
of articles and news of general interest, and 
revitalization of AIEE technical activities 
are the objectives of new policies considered 
by the AIEE board of directors during the 
Southern District meeting (pages 269-70). 


Airport Lighting. During the war the 
necessity for adequate airport lighting to 
insure safety of landing and take-off was 
realized and provided for by the United 
States Armed Forces. In the face of the 
danger entailed by an _ ever-increasing 
volume of air traffic, it is imperative that 
commercial airports augment the usual in- 
sufficient prewar lighting budget in order 
to take advantage of war-fostered develop- 
ments in lighted landing aids (pages 
259-65). 


Mexican Electrification. The fulfillment 
of Mexico’s plans for industrialization, and, 
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‘North Eastern District Meeting. “With in general, for raising the standard of living 


_ of the Mexican people, will depend to a 
large extent upon her ability to develop her 


as yet practically unexploited natural re- 
sources. Cognizant of this fact, the Mexi- 
can government has m: 
through legislation, for strict regulation of 
Mexico’s growing electrical industry. These 
points are brought out in the second and 
concluding part of an article prepared by 
members of the Mexico Section (pages 
245-51). 


Engineering Education. Again the old 
question arises as to the proper ratio of 
cultural and technical subjects in the edu- 
cation of an engineer. In view of the cur- 
rent need to renovate technical curricula in 
order to keep pace with growing techno- 
logical demand, Dean Langsdorf, of Wash- 
ington University’s schools of engineering 
and architecture, takes a stand on the side 
of an improved, more intensive technical 
training. Because culture cannot be ac- 
quired through a few classroom lectures, he 
refers that aspect of the engineer’s back- 


ground to the national engineering societies 
(pages 251-4). 


Statistical Quality Control Conference. 
Reports on methods and results of statistical 
quality control by five speakers with experi- 
ence in that field attracted a large attend- 
ance at a conference held during the recent 
North Eastern District meeting in Buffalo. 
Professor M. A. Brumbagh, University of 
Buffalo, acted as chairman (page 276). 


Vertical Wind Tunnel. The new struc- 
ture on Wright Field’s “‘Hurricane Hill,” 
an 80-foot concrete tower, houses a vertical 
wind tunnel in which scale models of future 
United States Army airplanes are tested for 
design defects before the actual construc- 
tion stage is reached. Many of these tests, 
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made provision, . 


such as that for airplane spin characteristics, 
cannot be performed in the average wind 


_tunnel (pages 265-6). 


Electrical Essay. In response to the elec- 
trical essay in the April issue, solutions—a 
number of them correct—were received 
from many members. Excerpts from those 
offering correct solutions, as well as ‘the 
complete solution given by Mr. Leeds who 
submitted the essay, are presented ( pages 
299-300). 


Metal-Clad Switchgear. According to a 


paper in this issue, after 17 years of opera- 


tion by the Public Service Company of 
Northern Illinois, 33-kv metal-clad switch- 
gear has proved itself safe, reliable, and, in 
a cost comparsion with switchgear of con- 
ventional open-type construction, eco- 
nomical as well. At present, development 


_of this type of equipment has been allowed 


to lapse but, in the interest of reduced 
costs, its resumption would be advanta- 
geous (Transactions pages 360-8). 


Inductance Formulas. Formulas have 
been derived for calculating the inductance 
of single-phase coaxial busses comprised of 
square tubular conductors. The general 
formula is obtained through use of geo- 
metric mean distance theory. A simple 
approximate formula, the conductors being 
considered as indefinitely thin, is epito- 
mized in curves which yield values suffi- 
ciently accurate for most design work 
(Transactions pages 328-36). 


Induction Heating of CylindricalCharges. 
A new approach is offered for the analysis 
of the induction heating effect by using 
concepts commonly applied to a-c engineer- 
ing and not involving differential equations. 
An analysis is provided which is valid for 
any size of the radius of the charge and the 
so-called depth of penetration (Transac- 
tions pages 369-77). 


Correction. Three minor typographical 
errors appearing in the paper “Applica- 
tions of Thin Pefimalloy Tape in Wide- 
Band Telephone and Pulse Transformers” 
by A. G. Ganz which was published in the 
AIEE Transactions for April 1946, pages 
177-83, are corrected herein. On the 
lower right-hand corner of Figure 6, page 
179, 2-7 should be corrected to 2. In 
column 3, paragraph 2, line 10, page 179, 
a should be changed to 6. On page 182, 
column 2, the second equation of the ap- 


pendix should read By. = pone Ones 


NA 


Credit Where Due. Credit was not given, 
as it should have been, to the Douglas Air- 
craft Company, El Segundo, Calif., for the 
illustrated chart of flight and propulsion 
which appeared as Figure 4 of an article 
entitled ‘‘Power Plants for Airplanes” pub- 
lished in the April 1946 issue of Electrical 
Engineering, pages 160-3. 
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Here is the instrument eng eers have been 


waiting for! Electrical transients or any other | 


‘transient phenomena capable of being con- 
verted into electrical impulses may be re- 
corded and reproduced automatically. Such 


transients as vibrations, explosion waves, — 


light flashes, welding cycles, etc. are but a 


few that can be recorded. Reproduction re- 


peats continuously for visual analysis by a 
cafhode ray oscilloscope. Signals may be 


: Canadia Representatives : 


A.C. Wickman, (Canada) Ltd., P. ©. Box 9 Station N, Toronto 14 
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i sransient Recorder Optures and 
Bru —s 


Brush Transient Recorder 
with oscilloscope. (Any 
good quality oscilloscope 
with low-frequency 
sweep may be used.) 


This photo shows a typi- 
cal transient produced by 
a condenser discharging 
into an inductance, as 
recorded by the Brush 
Transient Recorder. 


photographed in entirety or expanded on the 
oscilloscope screen to show detail. © 


These results are accomplished by magnetic- | ~ 
ally recording ona rapidly moving steel tape 
a frequency modulated high-frequency carrier. 
Reset button clears tape and prepares it for 


anew record. en ae 
One of the many and varied uses of the Brush 


Transient Recorder will undoubtedly meet 
your needs for accurate representation of 
transient phenomena. For complete details 
write today for technical bulletins. 
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F POSSIBILITIES for 

the utilization of atomic 
energy are not taken into 
consideration, the natural 
resources in Mexico which 
could be used for the de- 
velopment of motive power 
may be listed as follows: 


1. Harnessing the natural water 
power of the inland waterways. 


2. The use, in thermoelectric 
plants, of the calorific power of 
available coal and oil deposits. 


3. Utilization of the water de- 
rived from the melting of snow 


Continuing a discussion of Mexican electri- 
fication which began in a preceding issue, part 
II evaluates the country’s hydraulic, oil, and 
coal resources and comments on possibilities 
for future utilization in view of increased de- 
mand. The accessibility of these resources 
accents their importance in Mexico’s growing 
industrialization, a trend which is being 
brought about through the co-operation of 
government and industry. The govern- 
ment’s role is evident in comprehensive 
federal legislation which regulates all activi- 
ties of the electrical industry from rate fixing 
to the establishment of standards for electric 
machinery. 


vantageous for electrification 
in Mexico and for the de- 
velopment of its economy. 


HYDRAULIC RESOURCES 


Mexico is, comparatively 
speaking, a country poor in 
hydraulic resources. With- 
in the territory the rainfall 
varies from approximately 
100 millimeters average per 
year in the northern part 
of the country to somewhat 
more than 2,000 millimeters 
in thesouthern tropical zones. 


and ice covering high mountain 
peaks. 


4. The use, in certain zones of the country, of the force of the 
wind. ; 


The limited scope of this article does not permit the 
presentation of a detailed study of the natural resources 
that may be utilized for the production of motive power 
and, consequently, in the following considerations only 
the data corresponding to the natural resources men- 
tioned in the first and second categories will be treated. 
Also, some ideas will be expressed advocating the co- 
ordinated use of natural resources which may be ad- 
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Considering the large varia- 
tion in rainfall as well as the 
factors affecting agricultural production, Mexican terri- 
tory may be classified in three distinct zones; arid, inter- 
mediate, and humid. An arid zone is one in which no 


Essential substance of a paper presented by the Mexico Section at the AIEE South 
West District meeting, San Antonio, Tex., April 16-18, 1946. Paper was prepared 
under the direction of Basil Nikiforoff. 


Basil Nikiforoff is chief electrical engineer and Alfonso Fernandez del Busto is 
assistant superintendent of transmission and distribution, both of the Mexican 
Light and Power Company, Limited, Mexico, Federal District, Mexico. Alejandro 
Paez Urquidi is head of the rate and cost department, Cia. Impulsora de Empresas 
Electricas, Mexico, and Oscar R. Enriquez is head of the hydroelectric division, 
Comision Nacional de Irrigacion, Mexico. 
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agriculture is feasible without adequate irrigation. The 
intermediate zone comprises the area where agricultural 
exploitation may be established, upon supplementing the 
natural rainfall by means of irrigation. A humid zone 
may be classified as one in which the natural rain precipi- 
tation is sufficient during the whole year to satisfy the 
agricultural needs without help of irrigation. 

Figure 1 shows the hydraulic resources and indicates 
the division of Mexican territory in accordance with the 
classification of zones just mentioned. On the same 
map also is shown the division of watersheds located at 
different points throughout the territory as well as the 
regime of flow of some of the Mexican rivers. It may 
be observed that practically without exception the 
seasonal distribution of flow of these rivers is such as to 
require the establishment of storage reservoirs if the 
available water is to be used throughout the year and 
in an efficient way, thus necessitating the construction of 
dams. 

In order to obtain an idea of the limitation of Mexico’s 
hydraulic resources it may be mentioned that, at a total 
of 200 river-gauging and meteorological stations which 
have been maintained in service at the principal 
watersheds during a period that varies in some cases 
from 1890 to date, the flow registered in a total area of 
530,000 square kilometers (204,600 square miles) has 
resulted in an average annual volume of 34,000,000,000 
cubic meters (27,564,000 acre-feet). This volume cor- 
responds approximately to that carried by the Colorado, 
Sacramento, and San Joaquin rivers in the United States 
up to the dam sites of Boulder, Shasta, and Friant, re- 
spectively. 

Although the stream flow of a large number of im- 
portant Mexican rivers, such as the Papaloapan, and the 
Uzumacinta, has not been studied properly, it has been 
estimated that hydraulic resources over the total exten- 
sion of the country hardly reach an average annual 
amount of 125,000,000,000 cubic meters (approximately 
100,000,000 acre-feet). The irregular orographic con- 
figuration of Mexico, with the great difference in levels 
between the high mountains in which the rivers originate 
and the Mexican Gulf and Pacific coasts where they dis- 
charge into the oceans, offers the possibility for hydro- 
electric developments of considerable magnitude, in 
spite of the comparatively low stream flow of the rivers 
themselves, and may be considered, in general, as favor- 
able for such developments. 

Studies made to determine the hydroelectric potential- 
ity of Mexican streams indicate the possibility of de- 
veloping approximately 6,300,000 horsepower. The 
water power already developed, or for which concessions 
have been granted, is only of the order of 800,000 horse- 
power, which means that only about 12!/2 per cent of the 
hydraulic resources have been or are being developed. 

It already has been mentioned that the character and 
distribution of population and the concentration of indus- 
tries in a few localities handicaps the development of 
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power ane systems; and the na : 
streams requiring, for their full utilization, extensive — 
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hydraulic works, frequently makes the cost of such de- — 
velopment ‘uneconomical when viewed from the stand 


point of resulting cost of installation and energy. me) 


The situation, however, presents a much better aspect 
when viewed from the standpoint of utilization of hy- 
draulic resources, not only for the generation of electric 


nature ae ie et , 


energy, but also for purposes of i soe. and pavtecue , 


of the soil. 


Figure 1 shows that a larger Rertiae of Meaeac ter- 


ritory lies in the arid zone where such combined utiliza- 
tion of water resources is of the greatest value, as the bene- 


fit to agriculture derived from irrigation alone justilies 


the high cost of such developments. 


In zones with very little rainfall water coments Pi 


most important element for agricultural exploitation, and 
the supply of sufficient water for the cultivation of the 
fields justifies any expense and sacrifice. 

This problem has been realized fully by Mexico with 
the resultant adoption of the present policy of irrigation 
works. This policy embraces the utilization of water for 
irrigation purposes in combination, whenever feasible, 
with hydroelectric generating plants. In this way it is 
expected to obtain maximum benefit for the economy of 
the country. 

The utilization of the waters as described thus serves 
a double purpose; to encourage industrialization, and 
to increase agricultural production. Both purposes tend 
to raise the standard of living of the population and to 
provide the basic necessities of life. Therefore, no sacri- 
fice or energy should be spared for the rapid develop- 
ment of the hydraulic resources of Mexico. 


OIL RESOURCES 


The Mexican Republic has been considered one of the 
countries with ample reserves of oil. In the opinion of 
geologic experts such as Wallace Pratt and Ezequiel 
Ordofiez, the undeveloped oil reserves of Mexico may 


_ be evaluated in something more than 24,000,000,000 


barrels, and it is believed that in an area of approxi- 
mately 160,000 square miles in which oil exploitation is 
feasible, a production totaling 27,000,000,000 barrels 
may be obtained. This represents approximately 75 
per cent of expected oil production in the state of Texas. 
These amounts, if confirmed, indicate a very promising 
future for the exploitation of oil in Mexico. 

It may be recalled that during the period from 1920 
to 1922 Mexico occupied a most prominent place among 
oil producing countries, with an annual average produc- 


Figure 1 (opposite). Map showing division of Mexico into 
arid, intermediate, and humid zones as well as location of 
watersheds 


Graphs indicate representative average daily flow of various Mexican rivers 
(thousands of cubic meters per second) 
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_ Mexico. 
by W. V. Howard (Oil and Gas Journal, December 1941) | 


of 1924 production has decreased rapidly and at the 


present time the annual production is less than 50,000,000 | 


_ barrels. During the last few years approximately 80 


u per cent) of total oil production has been consumed 


_ within Mexico itself, and even if the demand for oil in 
Mexico is increased in the future to the extent of requir- 
ing a production of 200,000,000 barrels per year the re- 


serves available should be sufficient for more hap 100° 
E years. 


The utilization of natural gas should be given full con- 
sideration in addition to the use of oil. The volume of 


available gas resources has not been determined fully, | 


although there is no doubt but that they constitute an im- 
portant addition to the oil resources available for energy 
generation for many years to come. 

Figure 2 shows the location of oil reserves throughout 
The map was prepared from plans published 


and from data obtained by actual explorations carried 
out by Mexican geologists. The coincidence in the re- 
sults of these two studies may be noted. The abundance 
of these reserves suggests the possibility of using the oil 
for supplying energy to isolated sections of the country 
and for supplementing the production of hydroelectric 
systems as may be required for the expected demands of 
the growing industries. 


COAL RESOURCES 


The extent of Mexico’s coal resources has not been 
defined as yet, even in the zone now being exploited. 
It is estimated that mineral coal reserves vary between 
1.7 and 2 billion tons, with the annual production from 
1890 to 1944 oscillating between 200,000 and 900,000 
tons. Maximum production was 1,444,500 tons in 1925. 

The principal zone of coal production in Mexico is 
located between the states of Coahuila and Nuevo Leon, 
and it is believed that this zone may extend to the state 
of Chihuahua although no studies have been made to 
determine its extent and volume. The discovery of coal 
resources in Mexico is of recent origin and the necessity 
for coal up to the present time has not been of sufficient 
importance to increase scientific exploration of other 
probable coal zones. During the past few years certain 
important anthracite deposits have been found in the 
state of Sonora and bituminous and lignite deposits are 
quite common in extensive zones of the territory, the 
potentiality of which is not known. Peat has been found 
in the vicinity of the city of Mexico where superficial 
geologic studies have been made. This fuel does not 
present any immediate interest due to its very low calo- 
rific power. 

It may be said that even if the coal resources of Mexico 
have not been studied properly, the deposits of this com- 


Figure 2 (opposite). Map showigg location of oil reserves in 
Mexico 
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bustible inaterial are of sufficient importance to ensure 
the development of the iron and steel industries and, be- 
sides, to contribute to the production of thermoelectric 
power to complement hydroelectric generation. 


A decisive factor in industrial development and in — 


that of the generation of electricity from oil and coal is 
efficient distribution of available fuels. Such distribution 


requires adequate means of transportation which, in the 


case of oil, calls for a well-planned co-ordinated use of 
oil and gas pipe lines and of the railroads. In the case of 
coal it requires efficient transportation service by rail- 
road and, to a certain extent, transportation over high- 
ways. Figure 2, in addition to indicating oil and coal 
resources, also shows principal railroads and Mexican 
highways. 


MEXICAN ‘LEGISLATION AND THE ELECTRICAL 
INDUSTRY 


In Mexico all of the various activities related to the 
electrical industry, even those which do not involve com- 


merce between two or more states, fall under the juris- 
diction of the federal authorities and are subject to federal 


_ laws and regulations which, in turn, have their sources in 


the federal constitution of the country. 

The generation of electric energy as well as its trans- 
formation, transmission, distribution, exportation, im- 
portation, sale, purchase, utilization, and consumption, 
are regulated by the Electric Industry Law of 1938 and 
by its regulations of 1945. 

The use of federal waters or waters whose domain 
belongs to the nation, in the generation of electric energy, 
is subject to the provisions of the respective federal water 
laws that were in effect on the dates on which concessions 
were granted. New water developments are subject to 
the terms of the National Water Law of 1934, and its 
regulations of 1936. 

Telegraphic, telephonic, and radio communications 
are subject to the Law of General Communications 
Facilities of 1940 and the regulations thereof issued on 
various subsequent dates. 

Inasmuch as a detailed explanation of each one of the 
afore-mentioned laws and regulations would be much too 
lengthy to include in an article of this nature, it will be 
limited to a general idea of the most important disposi- 
tions contained in the Electric Industry Law and its 
regulations. 

Article one of the Electric Industry Law gives a clear 
and concise idea of what the Mexican Federal Govern- 
ment intends to obtain through this law. The article 
reads as follows: 


“The aims of this law are: 

“TIT. To regulate the generation of electric energy, its trans- 
formation, transmission, distribution, exportation, importation, 
buying and selling, utilization and consumption, in order to ob- 
tain a better use of same for the benefit of the community. 


“II. To encourage the development and betterment of the 
electrical industry in the country. 
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“III, To establish standards for the protection and safety of 
the life and property of persons, in matters pertaining to the elec- 
trical industry. 

“TV. To fix the requirements for granting the necessary au- 
thorizations to carry out the activities related to the electrical in- 
dustry. 

“VV. To determine which acts and omissions constitute viola- 
tions to the law and to establish the corresponding penalties.” 


The regulatory function of the activities of the electrical 
industry mentioned in section one is exercised by the 
federal government through 
the Ministry of National 
Economy. This ministry is 
in charge of receiving, study- 
ing, and approving requests 
for concessions to carry out 
the activities mentioned 
therein, by private individ- 
uals or corporations, as well 
as by the state and municipal 
governments or by the Fed- 
eral Commission of Elec- 
tricity. The Ministry of Na- 
tional Economy is also the 
agency which receives, stud- 
ies, and approves requests 
for permits to carry out the 
afore-mentioned activities 
when these activities do not 
involve the use of federal 
waters or public service ac- 
tivities, inasmuch as in these 
last two cases the law de- 
mands that said activities be subject to concessions and 
not just to permits. 

According to the Electric Industry Law, concessions 
can be granted only to Mexican individuals or to cor- 
porations organized under the Mexican laws. ‘The 
duration of these concessions is for 50 years during which 
time the concessionaire is supposed to pay to the federal 
government a redemption tax equal to the value of the 
properties destined for public service, with exception of 
the value of the permanent hydraulic works. This tax 
payment is spread out over the 50 years of the concession 
at the rate of 2 per cent on the value of said properties. 
At the end of the 50-year period, the concessionnaire has 
the right to obtain a renewal of the concession for a period 
of time not to exceed another 50 years. During this 
second period the concessionnaire is not obliged to the 2 
per cent payment and, on the other hand, can make 
annual accruals to amortize the value of the permanent 
hydraulic works. ‘The money received by the federal 
government from the 2 per cent tax provides funds to 
enable the Federal Commission of Electricity to carry 
out its activities. 

At the end of a concession, the concessionnaire may 
retire his installations and sell all property covered by 


Figure 3. 
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the concession, with the exception of the permanent 


hydraulic works which revert to the nation-without com- 


pensation. However, the federal government has the 
right to acquire installations and properties of the con- 
cessionnaire at the end of his concession, if it so desires, 
in which case the government must pay the price fixed 
by two experts named by both parties or by a third expert 
in cases of controversy. 

In order to obtain a concession for activities of the 
electrical industry involving the use of federal waters, the 


“Los Morales” substation of the Mexican Light and Power Company, Limited, 
(20,000 kva, 85-6 kv) showing typical structure with steel-reinforced concrete poles 


solicitant previously must obtain a federal concession for 
the use of these waters. This concession must be re- 
quested and obtained in accordance with the require- 
ments established by the National Water Law, the 
application and execution of which are in charge of the 
federal authorities through the Ministry of Agriculture 
and Development. 

The rates that public service companies charge their 
customers for electrical service are regulated and fixed by 
the Ministry of National Economy through its General 
Electricity Bureau and Electric Tariff Commission. 

The Electric Industry Law establishes the principle 
that electrical rates shall be fixed on the basis of allowing 
a fair return to the concessionnaire. The law contains 
rules for the determination of fair return, for the valua- 
tion of properties, and for determination of the rate of 
return. 

The value of the properties of electrical public service 
concessionnaires, as represented by physical property in 
existence as of December 31, 1941, is determined by 
means of tables of unit values contained in the regulations 
of the law at present in effect. The investments in 
physical property made subsequent to December 31, 
1941, are taken at cost in national currency on the date 
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they are made. To the value of the physical properties, 
determined as has been explained, should be added the 
_value of the intangibles which in no case can exceed 15 

per cent of the value of the physical property, and, in 
addition, an amount is added for working capital. The 
sum of these three elements constitutes the rate base on 
which the fair return is allowed. 


_ The rate of return, according to the regulations of the 


_ Electric Industry Law, must be fixed with due considera- 


i 


tion of the return made by other public service compa- 
nies, and in general by other undertakings that are 
similar from the viewpoint of the risks, and of the amount 
and term of the investment. However, in no case should 
a rate of return be fixed at a lower figure than the high- 
est rate of return corresponding to governmental bond 
issues, unless the concessionnaire requests and accepts 
a lower rate of return. 

Naturally, the legislation also provides that the operat- 


ing and maintenance expenses, taxes, except income tax 


_ which is not considered as an operating expense, insur- 


ance, and the retirement and replacement fund also 
should be taken into consideration in order to fix rates for 
a public service company. 

Aside from the regulation exercised by the federal 
government on the activities of the electrical industry, 


there exists a control on the part of the federal authori- 


Realism 


ties on installations for generation, transformation, trans- 
mission, distribution, and utilization of electric energy, 
from the standpoint of protection and safety to the life 
and property of persons. The Ministry of National 
Economy, through the General Electricity Bureau, 
watches, by means of previous approvals of plans and of 
inspections of installations, the proper observance of 
safety rules and specifications that must be fulfilled by ali 
electrical installations according to the respective 


stipulations contained in the National Electric Code and 


subsequent rulings issued from time to time in line with 
new technical developments. The National Electric, 
Code in general is modeled ‘after that of the United 
States and contains the minimum safety requirements 
that electrical installations must fulfill. 

All electric materials, devices, apparatus, or machinery 
used or sold in Mexico must fulfill certain essential 
characteristics of corresponding types approved by the 
Ministry of National Economy. Sales not complying 
with these essential specifications are subject to a fine. 

The foregoing presents a general picture of the most 


important dispositions of the Electric Industry Law and 


its regulations. It is hoped that these rules will encourage 
the development and betterment of the electrical indus- 
try in Mexico, on the part of private industry as well as 
on the part of the federal government. 
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TANDING for the mo- 

ment at the threshold of 
what we fondly hope may 
be a long era of world peace, 
it is appropriate to pause 
sufficiently to take stock of 
the trends that characterize 
our sector of the educational 
front, to the end that we 
may chart a course toward 
the goal we wish to reach. 
By definition we in education belong to a profession ded- 
icated to the utilization of the forces and materials of na- 
ture for the benefit of mankind, and therefore it may be 


neering societies. 


Essential substance of an address presented at the South West District meeting, 
San Antonio, Tex., April 16-18, 1946. 


A. S. Langsdorf is dean, schools of engineering and architecture, Washington Unie 
versity, St. Louis, Mo. 
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Citing the cultural education of an engineer 
as a continuing process, Dean Langsdorf 
tosses the responsibility to the national engi- 
He opposes further dilu- 
tion of engineering curricula which already 
require streamlining and intensification if, in 
the face of expanding technology, they are to 
meet effectively their obligation of assuring 
their graduates the requisite fundamentals. 
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concluded that our objective 
is a peaceful world if it be 
granted thatwaris detrimen- 
tal tohumanwelfare. Some- 
how we must reconcile this 
conclusion with the fact that 
in the nearly 2,000 years of 
the Christian era there have 
been only 257 years of com- 
plete peace, and that in the 
165 years of United States 
history from 1776 to 1941 the intervals between the 
country’s major wars have averaged only slightly more 
than 25 years. We also must reconcile our conclusions 
with the fact that the art and science of engineering as 
it developed in civil life is a direct outgrowth of mili- 
tary engineering, and that in time of war such as we 
have experienced recently, the best scientific and tech- 
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re social | and humanistic subjects. There can be no quar- 
ie be something more than slide-rule pushers having no 

- thought beyond the technicalities of their jobs; that they 
must be, in addition, responsible citizens willing and able 


nomic, and _ political affairs as these are affected by 
technology. But the 20 per cent dictum, when applied 
to the generally prevailing 4-year curriculum, means, in 
mr my opinion, that the remaining 80 per cent is grossly 
, | inadequate for a decent minimum of the basic sciences 


a ; and technology. Without that minimum equipment of 
-? scientific training the graduate will cease to have the 
ae specialized mental equipment which alone entitles him 
ee to be listened to with respect on technical subjects. 


Insofar as this opinion is valid, it would seem to follow 
_ that there are only two alternatives: the lengthening of 

the curriculum to a minimum of five years, or some 
- compulsion which will force the 4-year graduate to read 

and study on his own initiative after achieving a diploma. 
There is every reason to believe that within a relatively 
short time the 5-year curriculum is likely to supplant the 
presently prevailing 4-year arrangement. This length- 
ening of the course of study probably will come about 
eventually anyway, not because of the desirability of 
adding social and humanistic subjects, but because of 
the absolute necessity of incorporating in the training 
period an amount of the rapidly developing fundamental 
sciences that underlie their even more rapidly increasing 
applications sufficient to qualify the technical graduate 
to practice in his chosen field. More and more it will 
be necessary for technical schools to teach those funda- 
mental subjects which are learned best under competent 
guidance, and to omit those subjects which can be 
mastered easily by a trained mind without special in- 
struction and guidance. Why, for example, is it not 
entirely feasible to utilize the summer vacation periods 
for assigned reading in subjects such as general literature, 
history, biography, economics, or political science, in 
lieu of requiring a student to listen to lectures on these 
subjects at the rate of three, four, or five hourly doses 
per week? The lecture system of imparting information 
of this kind in any case is not so effective as independent 
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cm ee tors sulle within the recent past, have d upon a 
per cent of the student’s time be devoted to 


. ex rel with the implication that engineering graduates must : 
some of the shortcomings of be ae 


graduate are attributable to the - 


to assume responsibility for the guidance of social, eco-— 


‘The monastic influence in education is still powerful; 


cites. o ‘be! Not en 


ee 


the teachers to whom he was “expos 
sou but Ss Wa semi pares is in 


it now | agate euch ans ue erent Sere 
by example, have the power of stimulating the mia 
they presumably are molding. There is some 
truth in George Bernard Shaw’s salty mot: -“Those who me 
can, do; those who can’t, teach.” Part of the difficulty 
of securing and holding really first-class teachers is the 
limited income’ assigned to them by common consent. . 


the notion that a teacher is set apart as a creature dedi- 
cated to poverty and obedience. Such circumstances are 
not attractive to vigorous and independent minds. Bet- 
ter salaries in the colleges would help to widen the field 
from which teachers might be recruited, and work must — 
be done in that direction. 

Tinkering with the curriculum is the great indoor sport — 
of the educational world, and the effort to secure alloca- 
tion of 20 per cent of the engineering curriculum to cul- 
tural instruction is merely the latest manifestation of 
what has been going on for a long time. Its ultimate 
objective is laudable—the desire to raise the intellectual 
level of the engineering profession because of wide- — 
spread dissatisfaction with existing conditions. There 
are some who apparently believe that the inclusion of 
the 20 per cent of cultural subjects will of itself convert 
a young man of 22 or 23 into a sage capable of reforming 
the world by solving economic and social problems that 
have troubled mankind through all the ages. On the. 
contrary, the acquisition of culture and wisdom is a 
life-long process. Education is not a kind of treatment 
that can be concentrated within school and college years; 
it is the end-product of a life of thoughtful study. If that 
fact is admitted, it must follow that the education of 
engineers is even more a function of the national engi- 
neering societies than it is that of the colleges. The col- 
leges can and must serve as the preliminary training 
ground for the novitiates, but their subsequent mature 
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development must be ne concern of the profession as a 


whole. For example, consider the case of the Association 


of Atomic Scientists, the men who staffed the laboratories 


at Clinton, at Los Alamos, and at the Metallurgical 


Laboratory i in Chicago. They were professional physi- 


cists, chemists, and engineers who, for: the most part, 


_ had not been exposed to the 80-20 per cent regime. Yet 


they had the wisdom and the foresight to see what dis- 


aster their work might bring upon niankind, and they 


Pedagogical Buck Passing 


The College Teacher: 
From stupid freshmen may I be spared, 
The high schools send ’em up so unprepared. 


The High School Teacher: 
What results from us can you expect 
When grade school teaching is so inept? 


The Grade School Teacher: 
If kindergarten teachers these kids would train, 
They’d save us lots and lots of pain. 


The Kindergarten Teacher: 
Pity the homes from which these youngsters come, 
Their parents must be extremely dumb. 


The Mother: 
Poor stupid child, you’re not to blame, 
Your father’s folks were all the same. 
Query: 
Shall father in his own defense be heard? 
No, let mother have the final word! 


took vigorous action in the interest of what they con- 
ceived to be the public welfare of the whole world. In 
my opinion, these scientists have set an example that all 
the engineering societies well may emulate; the dedica- 


_tion of their collective strength as a great moral force in 


the field of human relations. 

Lest these remarks would seem to indicate that I am 
opposed to the inclusion of a maximum amount of cul- 
tural studies in the engineering curriculum, I might add 
that more than 35 years ago my first act as a dean of en- 
gineering was to include in our curriculum a full year 
of instruction in economics. ‘There was much objection 
to this requirement on the part of students who looked 
upon anything borrowed from the liberal-arts program 
as “‘sissy”’ stuff. It is amazing that even today so many 
high ranking technical schools are content with only one 
semester of economics. To my mind, the subject of eco- 
nomics is inseparable from a thorough understanding of 
the social effects of engineering. Unfortunately eco- 
nomics, long ago described as the dismal science, gen- 
erally is not presented to college students in the stim- 
ulating manner in which it might be. 

Since engineering is concerned so largely with the 
production of controlled energy, recent discoveries in 
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the field of atomic physics are certain to play an impor- 
tant role in future engineering developments. The great 
plant at Hanford, Wash., on the Columbia River, even 


_ now is yielding by-product energy at the rate of nearly 


1,500,000 kw which is going to waste in heating the 
water of the river. The time is bound to come when a 
method will be found to utilize that energy for industrial 
purposes. It even may be that the immense radioac- 
tivity incidental to the fission process may contain a 


promise of obtaining electric energy without the inter-. 


vention of boilers, steam turbines, and generators. That 
is a consideration that will affect vitally many branches 
of engineering. It points to the conclusion that engi- 
neering education in the future must pay more atten- 
tion to the new physics and the new chemistry inherent 
in the process. Already the term ‘“‘nucleonic engi- 
neering”’ has been invented to forecast what lies ahead. 
It will provide more material for curriculum revision, 
but this time the emphasis undoubtedly will be placed 
on two or more years of graduate instruction, since there 
is no hope that the whole field can be compressed into 
the undergraduate period. 


NEED FOR ANALYSIS 


Since science will not remain stationary, but rather 
will grow in extent as time goes on, the need to include 
the fundamentals of expanding knowledge within a 
limited time is bound to force a critical examination of 
existing procedures. The problem faced by the teaching 
profession is not unlike that of a manufacturer who must 
increase the quantity and quality of his product without 
materially increasing his unit costs. Under such circum- 
stances a wise management makes a critical job analysis 
in order to cut corners. That is the procedure that the 
educators must adopt. . There is little doubt that present- 
day curricula contain much more than vestigial traces 
of ancient tradition, and that something akin to an 
appendectomy is necessary to remove a few accumulated 
appendages. Consider, for example, the customary col- 
lege course in physics, which invariably begins with an 
elaborate treatment of statics and dynamics, moves on 
into the laws of heat, caroms lightly into acoustics, then 
advances upon optics, electricity, and magnetism. In 
many institutions instruction in statics and dynamics is 
given concurrently with, or sometimes just before, an- 
other course covering the same principles, but taught 
by the department of applied mechanics. Quite com- 
monly this double exposure is followed by another in 
connection with machine design or framed structures. 
It may be that multiple exposure of this sort serves a 
useful purpose in the case of students who possess obtuse 
minds, on the principle that constant dripping will wear 
away a stone, but it is likewise true that much useless 
duplication is the result of hidebound tradition. The 
excision of unnecessary repetition can do much to make 
room for new material that now is excluded because of 
lack of time. 
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One of the underlying reasons for dissatisfaction with 
existing engineering training, one that explains the de- 


sire for a broader type of training, is the circumstance 
that practically every engineering enterprise requires the 
active co-operation of many workers having a great di- — 


versity of interests. The average young graduate does 
not comprehend fully this interdependence of people, 
but tends to focus his attention upon materials and ma- 
chines. It is particularly regrettable that the schools 
pay so little attention to the all-important subject of 
labor relations and labor legislation. Engineers as a 


class are hostile to labor unions, probably because they — 


are harassed so frequently by the jurisdictional disputes 
and restrictions on productivity that characterize some 
union activity. Nevertheless it is a fact that labor prob- 
lems are here to stay, and that engineers must learn to 
work in a world where these problems constantly must 
be met and solved. Not much prophetic ability is 
called for to predict that all schools soon will require 
that all graduates must have become acquainted with the 
major outlines of this vitally important subject. 


THE “G. I.” PROBLEM 


At this time technical schools throughout the country 
are filled to the bursting point with returning veterans 
who are taking advantage of the “G.I. Bill of Rights.” 
Some curious circumstances have resulted. Whereas the 
average age of current seniors, mainly 4F men who were 
not inducted into service, is about the normal 21 or 22, 
the average age of the swollen freshman classes is four to 
five years greater. What has happened is that the Bill 
has oversold the capacity of the colleges by a factor of 
about three to one. This situation is nearly as bad in 
one direction as the unwise Selective Service policy was 
in the other. In the name of democracy it cut off a 
5-year supply of the trained young men upon whom the 
future of industry must depend. This was not selective 
service at all; it was indiscriminate, unselective service. 
If the United States ever again is faced with the emer- 
gency of war it is to be hoped that the engineering profes- 
sion will find a tongue to protest against such a policy for 
the good of the nation. 

The present swollen registration in engineering colleges 
demands that steps be taken promptly to insure much 
more selectivity in the admission of students than here- 
tofore has prevailed. This is a subject which for some 
time has been under study by Engineers Council for 
Professional Development, but the existing pressure is so 
great that something must be done quickly. In Wash- 
ington University priority is being given to former 
students who showed satisfactory ability when last in 
residence.. New students with no more than high school 
training are accepted if their rank was in the upper 
third; if middle third, an aptitude test must be passed; 
if lowest third, admission is denied. Transfer students 
with a year or more of college credit must have had a 
freshman record averaging a C grade, and if they had 
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THE FUTURE 


The future policy of engineering colleges ciae taka’ 
into account the reform of certain deplorable conditions — 
that characterize primary and secondary education in 
the United States. The teaching of grammar virtually _ 
has disappeared from grammar schools. The English 
subjects taught in high schools pay little or no attention _ 
to spelling, punctuation, or composition. In many of 
the states, a student can graduate from high school with 
only one year of what is called general mathematics, 
but which in reality is merely arithmetic that leaves the 
pupils with a blissful disregard of the position of decimal 
points. It is almost inconceivable that in an industrial. 
nation—dependent as it is to a high degree upon engi- 
neering and science, with all which that implies as to an 
understanding of quantitative relations—the education- 
ists should have acquired such a stranglehold on the 
public schools. Standards are lamentably low, and by 
a perversion of democracy the doctrine has been estab- 
lished that one child is as good as another, so no one is | 
allowed to fail. The result is a generation of undis- 
ciplined minds, in which the poor ones regard themselves 
as well trained, and the bright ones have no incentive to 
excel or to realize their full potentiality. If these 
statements are thought unduly pessimistic, recommended 
collateral reading is a book by John Tildsley, former 
assistant superintendent with the Board of Education of 
the city of New York, entitled ““The Mounting Waste of 
Secondary Education in the United States.” 

Now another peril to engineering education looms on 
the horizon in the form of indiscriminate universal mili- 
tary training. Common sense would lead one to believe 
that, since any future war is bound to be even more 
technological than this last one, everything possible must 
be done to conserve the supply of trained engineers. If 
there must be universal military training, let it be so ar- 
ranged that bona fide students of engineering and of 
medicine, dentistry, physics, and chemistry are left 
undisturbed except during vacation periods. If there 
must be Reserve Officers Training Corps units in the 
engineering colleges, let it be so arranged that no undue 
amount of time shall be diverted from fundamentals to 
highly specialized military subjects such as marching and 
counter-marching and manual of arms. 


| 


ELECTRICAL ENGINEERING 


> ry p ' “e vox i 


sy 


rN THE STATIONARY TRANSFORMER, electric 
energy, in a primary circuit, is transformed into 
electric energy in a secondary circuit through the medium 


of a mutual magnetic flux. 
For the purpose of this dis- 
, cussion, this action, where- 
by electric energy is trans- 
formed from the primary 
to the secondary circuit by 
purely electrical means 
without involving mechan- 
ical energy, is termed the 
transformer action. 

In rotating electric ma- 
chines, such as motors and 
generators, the main func- 

tion is a transformation be- 
tween mechanical and elec- 
tric energy. This is accom- 
plished by the mechanical 
motion of the conductors of 
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Single-phase motor theory is a somewhat 
controversial subject because two distinct 
single-phase motor theories, the rotary field 
and the cross flux theories, have prevailed for 
50 years. The physical concepts of the ac- 
tions taking place in the motor that are de- 
veloped by these two theories are not alto- 
gether consistent with each other or with 
test results and so it seems that some action is 
in order to co-ordinate these two theories into 
a single one, with the elimination of the in- 
consistent elements of both. The proposition 
that the quadrature flux of the single-phase 
squirrel cage motor is developed by the amor- 
tisseur action of the squirrel cage is submitted 
as a suggestion along this line. 


-Olthen? 


Through these mutual reactions between the mag- _ 
netic and electric circuits each exercises a damping effect 
on the other. The effect on the electric circuit produced 


by the reaction of its induced 
field is termed self-induc- 
tion. The corresponding ef- 
fect on the field produced by 
the reaction of the induced 
currents in the closed circuits 
through which it threads has 
not been named and is re- 
ferred to here as the ‘‘amor- 
tisseur action.” ‘This amor- 
tisseur action affects the flux 
in the magnetic circuit in 
exactly the same way that 
self-induction affects the cur- 
rent in the electric circuit. 
With a constant mmf, the 
magnetic flux is determined 
by reluctance alone. When 


the electric circuit across a 

magnetic field. The driving 

energy in a generator, or output in a motor, is mechani- 
cal energy. In this case where the transformation is 
between mechanical and electric energy, the action is 
termed the speed action. It is evident that in the squirrel 
cage motor both of these actions are involved, although 
the speed action, or the transformation of electric energy 
into mechanical energy, is the most important under run- 
ning conditions. 

When an electric circuit encloses a magnetic circuit, 
the electric and the magnetic circuits are tied together 
by strong mutual reactions. Any change in current in 
the electric circuit produces a magnetic flux change and 
the flux change in turn produces a counter electromotive 
force which tends to oppose the current change. Con- 
sequently, in such an inductive combination, the current 
does not follow the voltage instantly. Conversely, in a 
magnetic circuit that threads an electric circuit, any flux 
change induces a current in the electric circuit and this 
induced current produces a counter magnetomotive force 
opposing any flux change so that the flux does not in- 
stantly follow the mmf. 


Edward Bretch is associated with the Century Electric Company, St. Louis, Mo. 
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the mmf is varying or alter- 

nating and the flux threads 
closed circuits, reluctance is no longer the sole factor 
controlling the flux. The amortisseur or inductive action 
of the induced currents in the closed circuits through 
which the flux threads affects the magnetic flux in the 
same way that self-induction affects the current in the 
electric circuit. 

An amortisseur winding is a system of low resistance 
electric circuits enclosing the magnetic flux utilizing this 
stabilizing principle to oppose rapid flux changes. It 
operates both by the speed action and the transformer 
action. When the flux strength remains constant and 
there is a relative motion between the conductors and 
the flux so that the conductors cut across the flux, an 
emf is generated in the electric circuit by speed action 
and the resulting currents oppose the motion of the con- 
ductors with respect to the flux. 

When there is a change of flux strength without rela- 
tive motion between the conductor and the flux, the cur- 
rents induced in the electric circuit by transformer action 
oppose and retard any flux change. Both variations of 
flux strength and relative motion of the flux with respect 
to the conductors are opposed by this amortisseur action. 
Flux strength variations are opposed by the transformer 
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action and relative motion between the conductors and 
the flux by the speed action. These actions may operate 
either singly or simultaneously. ; 

In a rotor, the speed and transformer actions operate 
in space quadrature with reference to each other and 
consequently do not react on each other. Thus, the two 
actions can operate simultaneously in the same rotor 
without interference. As all the conductors of a squirrel 
cage are short-circuited completely, the squirrel cage rotor 
presents a short circuit across any axis. It is, in fact, a 
magnetic core completely enveloped by an amortisseur 
winding: As all the rotor flux threads it, the flux of 
necessity must be subjected to the influence of the amor- 
tisseur or damping action of the closed squirrel cage cir- 
cuits through which it threads. 
currents in the squirrel cage oppose any variation of flux 
strength by the transformer action as well as any change 
of position of the flux with reference to the rotor conduc- 
tors by speed action. 

In the polyphase squirrel cage motor, a unidirectional 
rotary mmf is set up by placing symmetrically spaced 
windings around the field structure excited by alternating 
currents that correspond in time phase with the space 
phase of the exciting windings. If the number of phases 
was infinite and the exciting waves truly sinusoidal and of 
constant frequency, a constant unidirectional mmf, 
rotating at a constant speed, would be produced. 
Under these ideal conditions, a squirrel cage rotor at 
synchronism would have no emf induced in it either by 
the speed or transformer action and a constant rotary 
field would be produced without the aid of the amortis- 
seur action of the synchronous squirrel cage. 

In practice, these ideal conditions are not fulfilled, and 
the amortisseur action of the synchronous squirrel cage 
tends to oppose and dampen out the variations from 
the ideal. In commercial motors the number of phases 
usually is confined to three phase, two phase, and single 
or one phase. Under these conditions, there are always 
variations between phase bands in the mmf impressed 
on the rotor and the exciting waves frequently do not 
approximate the sine form very closely. While a uni- 
directional mmf is impressed on the synchronous rotor, 
there are cyclic variations of strength and shape. These 
cyclic variations are opposed and suppressed substantially 
by the amortisseur action of the synchronous squirrel 
cage. 

In the polyphase motor the individual phase actions 
generally are assumed to combine vectorially so as to 
produce a constant unidirectional mmf rotating at a 
constant speed without reference to the amortisseur ac- 
tion of the synchronous squirrel cage. This is only par- 
tially true, since the shape and strength of the primary 
mmf impressed on the rotor varies in the shift from one 
phase band to the next. At synchronism, these varia- 
tions between phase band shifts are opposed and damped 
out by the amortisseur action of the synchronous squirrel 
cage which results in a substantially uniform rotating 
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Figure 1, Rotor with bipolar field 


the primary winding are quite prominent. At the in- 
stant the current in one phase is zero, the current in the 
other is at its crest and the total mmf is impressed by one 
phase alone. When the cycle has progressed 45 degrees, 
the mmf is impressed by both phases equally, but sepa- 
rated by 90 space degrees. It is evident that with the 


much broader combined span of both phases and the © 


imperfections of wave form, the impressed mmfs are much 
different under the two conditions. These phase band 
mmf variations induce amortisseur currents in the syn- 
chronous squirrel cage that hold the field substantially 
constant throughout the cycle, both as to shape and 
strength even though there may be wide cyclic variations 
in the impressed mmf. 

In a 3-phase motor, the phase band variations are less 
than in the 2-phase, while in the single-phase, they are at 
a maximum. This occurs because in the single-phase 
motor the impressed mmf goes through zero two times 
during each cycle while the synchronous squirrel cage 
amortisseur currents maintain the flux substantially con- 
stant during the complete cycle. As a cycle for the 
amortisseur currents that sustain and equalize the flux 
between phase bands is completed with each phase 
band passed by the rotor, at synchronism there is im- 
pressed on the rotor a phase band frequency six times 
the fundamental frequency in the 3-phase motor, four 
times in the 2-phase, and a double frequency in the 
single-phase motor. 

As the phase band variations are most prominent in 
single-phase motors where the primary impressed mmf 
varies between zero and the maximum while the syn- 
chronous flux is sustained substantially constant through- 
out the cycle by the amortisseur action, and since the 
working range is limited to speeds near synchronism, the 
remainder of the article will be limited to the single-phase 
motor at and near synchronism. 

Consider a bipolar field (Figure 1) enh an exciting 
winding acting along the transformer axis across the 
space occupied by the rotor. The primary mmf along 
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primary winding P. Also, consider two conductors of 
the squirrel cage spanning a diameter forming a rotor 
circuit or coil. The part of the primary mmf that is 
effective in this rotor circuit depends upon the sine of the 
space angle S' it makes with the axis of magnetization. 
If this field is excited by a single-phase alternating cur- 
rent, since the current varies sinusoidally with respect to 
time, the mmf impressed on the field is Jp sin T, where Ip 
represents the primary current and T the time angle of 
the exciting current. The mmf impressed on the second- 
ary rotor circuit is then Jp sin T sin S. 

At synchronism, S=T and sin S=sin T. The syn- 
chronous mmf impressed on the rotor is Jp sin? S, or Ip 
sin? 7. Mathematically, a quantity varying as the square 
of the sine is a quantity varying sinusoidally between 
zero and the positive limit at double frequency (Figure 2). 
The physical interpretation of this condition is not diffi- 
cult. As the rotor rotates synchronously in the single- 
phase field, it moves from one pole to the next in the 
same time it takes the exciting current to reverse. Con- 
sequently it is subjected to a series of rotating unidirec- 
tional mmf impulses of double frequency varying from 
zero to a Maximum instead of an approximately continu- 
ous unidirectional rotating mmf as in a polyphase motor. 
If the rotor had no closed circuits, which would eliminate 
any secondary mmf, the flux in the synchronous rotor 
would follow the impressed mmf, and vary unidirec- 
tionally between zero and the positive limit at double 
frequency. 

This unidirectional mmf imposed on the synchronous 
rotor and varying sinusoidally between zero and the 
positive limit at double frequency can be resolved into 
two components (Figure 3). One of these is a positive 
constant component of one half the peak value of the uni- 
directional pulsating mmf and the other a double fre- 
quency alternating component varying between positive 
and negative limits of one half the peak value of the uni- 
directional pulsating mmf. 

The effective fluxes set up by these mmf’s must thread 
the synchronous squirrel cage. The amortisseur or chok- 
ing action of the low resistance squirrel cage will oppose 
and choke out the double frequency flux component but 
will offer no opposition to the constant unidirectional 
component and no secondary emf will be produced by 
it. The extent to which the alternating component is 
suppressed depends upon the conductivity of the amor- 
tisseur or rotor circuit. If the rotor resistance could 
be reduced to zero, the alternating flux component 
would be eliminated entirely. While rotor resistance 
never can be zero, it is usually low enough so that the 
alternating component is eliminated substantially. 
This leaves a substantially constant rotor flux at syn- 
chronism. 

When the squirrel cage operates at synchronism, this 
constant sustained rotor flux rotating at synchronism 
generates a counter emf in the primary winding by 
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this axis is proportional to the current flowing in the — 
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speed action in the same way that the rotating field 
of a synchronous generator does. It is a fundamental 
fact that a coil rotating in a constant flux generates the 
same emf that is produced by alternating the flux be- 


Figure 2. Magnetomotive waves 


A=primary impressed mmf 
B=double frequency synchronous unidirectional rotor mmf 


tween the same limits at the same frequency. ‘That is, 
the speed voltage and the transformer voltage are equal 
under like conditions. Therefore, to generate the same 


‘counter emf with the synchronous squirrel cage as with 


the open circuit rotor, the constant sustained rotor flux in 
the synchronous rotor must equal the peak single-phase 
flux with open circuit. Since, as is noted in Figure 3, 
the constant synchronous component is one half the 
peak impressed mmf, it follows that in order to generate 
the same counter emf with the synchronous squirrel 
cage rotor as with the open circuit rotor, the primary 
mmf required with the synchronous squirrel cage is 
double that required with the open circuit rotor. That 
is, the exciting current with the synchronous squirrel 
cage rotor producing a rotary field is double that re- 
quired to produce the single-phase field with the second- 
ary winding open-circuited. 

The magnetic and electric conditions in the syn- 
chronous single-phase motor can be represented by sta- 
tionary circuits as shown in Figure 4. As the alternating 
primary mmf is converted by synchronous rotation into a 
unidirectional double frequency pulsating mmf in the 
synchronous rotor, and this is the equivalent of a constant 
mmf superimposed on an alternating mmf, we may con- 
sider the excitation imposed on the synchronous rotor as 
produced by a direct current excitation J, and an alter- 
nating excitation of double frequency J,, the peak value 
of the alternating component being equal to the constant 
component. The secondary winding is separated from 
the primary winding by an air gap forming a magnetic 
circuit of relatively high reluctance. The secondary cir- 
cuit in which the secondary current J, flows is a low resist- 
ance short circuit representing the squirrel cage. 

The flux due to J, will pass through the low resistance 
secondary winding without opposition while that due to 
the double frequency component J, will be opposed by 
the choking or amortisseur effect of the low resistance 
short-circuited secondary winding. In a transformer, 
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current is determined by open-circuit secondary condi- 


tions and the primary current is | doubled by closing the 
secondary circuit, it follows that J,=1//2I,. That is, at 


- synchronism there is a double Peentys amortisseur 


current equal to one half the primary exciting current 
and also equal to the primary exciting current with open 
secondary winding. 
While the primary exciting current and the synchro- 
nous double frequency rotor current are quite large be- 
cause of the air gap in the magnetic circuit, the flux 


variations necessary to produce the comparatively large 


amortisseur currents in the rotor are not large if the 
secondary or rotor resistance is low. The amount of 
flux variation required depends on the secondary resist- 
ance. ; 

Although the secondary resistance cannot be reduced 
to zero, in practice it is low enough so that the flux is 
held approximately constant throughout the cycle. This 
approximately constant flux, sustained throughout the 
cycle by the transformer action in the rotor and carried 
along with the synchronous rotor through the speed ac- 
tion during the interval the primary mmf is ineffective, 
produces a true rotary field. 

The speed action of the squirrel cage rotor is under- 
stood well and need not be developed here. Each time a 
primary impulse is applied, or at each half cycle, the ro- 
tor flux will be pulled into synchronism and the near 
synchronous rotor will tend to follow it in exactly the 
same way as in a polyphase motor producing a torque. 
However, this torque is a series of double frequency im- 
pulses and drops to zero with each impulse. 

It is also evident that the double frequency flux sus- 
taining currents in the rotor that are due to the trans- 
former action will become, as slip takes place, double 
frequency less slip. The slip current is due to the speed 
action and has a fundamental low slip frequency the 
same as in the polyphase motor with the impulse fre- 
quency superimposed. ‘Thus, the resultant rotor current 
will comprise a low frequency slip component upon 
which is superimposed a double frequency component 
less slip. 
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maintained substantially constant throughout the cycle 
by the amortisseur action of the squirrel cage. 

The induced amortisseur rotor currents, leveling and 
sustaining the flux constant throughout the cycle, are 
due to the transformer action, are of double frequency, 
and are equal to one half the primary exciting current. 
The synchronous mechanical rotation of this amortisseur 
sustained rotor flux produces the rotary field. 

The speed action opposing relative motion between the 
flux and the rotor conductors, tending to pull the rotor 
into synchronism with the primary exciting impulses, 
produces a torque which pulsates at double frequency. 
This synchronously rotating and substantially constant 
rotating flux in its quadrature position is the so-called 
cross flux. 

The speed action producing the torque and the trans- | 
former action sustaining the flux constant take place in 
space quadrature in the rotor and, as they do not react 
on each other, can operate either singly or simultane- 
ously, 
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-A IRPORT LIGHTING 

developed for combat 
use differed very little bas- 
ically from prewar peace- 
time practices, but the physi- 
cal means of accomplishing 
those practices were, in 
many ways, vastly different 


viously was used. As combat 

airports followed the flow of 
ground force action, equip- 

ment had to be extremely 

mobile; lightweight, so that 

it could be = air-borne; 

simple in construction and 
operation, so that it could be serviced quickly and easily 
by semiskilled personnel; ruggedly made, so that it 
would stand the abuse of repeated assembly and dis- 
assembly; and most economical of electric power, as 
this had to come from portable air-borne gas-electric 
sets. 

The system devised was unique in many respects. 
Marker and obstruction lights consisted of light stamped 
steel housings and plastic globes. The light used a 
prefocused bayonet base lamp and an automobile 
headlight-type socket, except that it had 120-volt 
insulation. The plastic globe was made in two types: 
symmetric and asymmetric horizontal distribution. 
With a clear asymmetric globe and a 40-watt T-8 bulb 
lamp, candlepowers over 500 were obtained in the 
useful zones. Mounted on a short length of fiber 
conduit and a stamped steel base, these were used as 
contact lights. Cable was supplied in 330-foot lengths 
and fitted with watertight push-type rubber connecting 
plugs. It was laid on top of the ground alongside the 
landing strip and the units were set on the ground and 
plugged together. Where a cable crossed another 
landing strip, it was buried two to four inches deep 
through the active area of the landing strip. It was 
possible for a three man crew and a jeep to lay both 
sides of a 5,000-foot runway in less than half an hour with 
this setup. 

Asymmetric globes were supplied in clear, half clear— 
half yellow, and half green-half red colors. These 
made up a complete runway complement giving standard 


Essential substance of an address delivered at the symposium on lighting during 
the AIEE winter convention, New York, N. Y., January 21-25, 1946. 
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Developments in airport lighting for combat 
purposes initiated a trend toward much 
higher candlepower for contact lights and 
much more expensive lighting equipment 
generally for commercial airports. The new 
tendency is a welcome departure from the 
all-too-common prewar practice of allotting 
only one per cent or less of the airport’s cost 
for lighted landing aids in spite of the failure 
of radio to provide adequate control in heavy 
air traffic. A combination of improved light- 
ing with radio is offered as the only feasible 
method of affording the pilot the necessary 
margin of safety for landing or take-off. 
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color sequence from either 
end—the pilot coming in 


into yellow, toward red. 
The half green—-half red 
units were set in lines of three 
or four units across the ends 
of the runway, green outer- 
most. The last 1,500 feet, 
viewed from either end of 
the runway, were outlined 
in yellow. . 

Symmetric red globes were 
used as obstruction lights. 
Thirty-foot telescopic poles — 
equipped with guy cables 
were standard, and could be set up easily by two men. 
The poles and guys could be combined for a maximum 
height of 60 feet, but in this case were difficult to set 
up with less than a four man crew, as intermediate 
guys carried the catenary during raising. and had to be 
handled carefully to prevent buckling. A two man crew 
could set up and connect a 30-foot high obstruction 
light in less than ten minutes, while a four man crew 
could assemble, set up, and connect a 60-foot high ob- 
struction light in about 15 minutes. 

The gas-electric generator power supply was usually 
a 2-kva set, with a 5-horsepower 2-cylinder 2-cycle 
engine, with the control panel mounted as part of the 
set. These would handle up to 50 of the 40-watt lights, 
or handle one landing strip with obstruction lights and 
a beacon. 

Additional equipment made the basic portable sets 
even niore versatile. Small fiber cones mounted under 
the contact lights provided additional visibility for day- 
time marking. Special bases and longer lengths of 
fiber conduit provided an effective means of marking 
runways in deep snow, since the markers and cones 
were high enough to clear plowed banks. 

Beacons were one of three types. The standard 24- 
inch airway beacon equipped with a special double 
beam lens was used in areas farthest from combat lines. 
A 500-millimeter Fresnel-lens-type beacon with a code 
flashing mechanism was used for certain operations. 
The most used beacon was the stroboscopic flashing type 
which employed the principles established by Doctor 
Edgerton of the Massachusetts Institute of Technology, 
Cambridge. This beacon consisted of a power-pack 
which included a step-up transformer, rectifier tubes, 
and capacitor bank; and a small light unit with a 
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over green, through clear, _ 


Figure 1. Airport contact lights with a dead load capacity of 
100,000 pounds, an improvement over 18,000-pound dead load 
capacity prewar models 


. \ 


Fresnel-type globe and a tightly wound spiral of neon 
tubing with special electrodes. Alternating voltage of 


about 1,500 volts was rectified and fed to a capacitor 


bank. The rate of charge was governed by a small vari- 
able resistor. As the voltage across the capacitors built 
up, it reached a point where the neon tube broke into ioni- 
zation and the capacitors then discharged into the tube, 
giving a very brilliant flash of light. Using discharges 
of 1,000 volts and about 350 amperes, candlepowers up 
to 30,000,000 were obtained. The flash duration was 
extremely short, something less than one microsecond. 
The effective light was about 25,000 candlepower sec- 
onds, compared to a little over 80,000 candlepower 
seconds for the 24-inch beacon which has a flash duration 
of about 1/12. second. 

The stroboscopic beacon had a continuous energy 
consumption of about 200 watts and light emission of 
about 50 watts, for an over-all efficiency, including losses 
in the rectifier tubes, of 25 per cent. This was unusually 
high for this apparatus, normal being 18 to 20 per cent. 
The total weight of the assembly was less than 100 
pounds and it could be set up on its 25-foot telescoping 
tripod tower in about ten minutes by a two man crew. 

Combat hoods were supplied for all portable contact, 
marker, and obstruction lights and the stroboscopic 
beacon. ‘These were designed to limit the visible angle 
of the lights to a very narrow angle, about ten degrees 
both vertical and horizontal, so that the entire lighting 
system absolutely blacked out in all directions except 
the actual approach. This feature was of great help in 
the African campaign and in the South Pacific, as it 
permitted night operations in areas that were under 
rather close enemy aerial surveillance. 

About 1,500 airstrips and airports in combat areas 
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lights, and beacon. 
ord for set up, but it does show the extreme usefulness — 
of this purely combat equipment. 


As the bases advanced and more men and materials “ 


were carried by air, semipermanent and permanent 


airports were constructed to serve as supply bases. 
Regular types of airport lighting equipment were used, | 
making use of the development inspired by the rough © 


service encountered on training fields. One of these 
developments was the contact light, which before the 
war had a dead load carrying capacity of 18,000 pounds. 


This had to be increased to 100,000 pounds to stand up 


under training operations, and under service conditions 


involving heavy bombers and cargo airplanes. These 


were used on all new construction, a total of over 75,000 
of these contact lights being installed in all parts of the 
world, enough for 700 normal sized airports. 

Two new developments were made for these airports. 
One was a high intensity contact and approach light. 
This unit looked like an inverted street lighting fixture 
and consisted of a spun steel body, a Fresnel-type inner 
lens, a blown glass color screen, and an asymmetric 
outer globe. Sector-type reflectors were used to aid 
correct distribution. The unit employed a 200-watt 
lamp, either series or multiple, and produced a sharply 
controlled beam of about 35,000 maximum candle- 
power as compared with about 1,000 candlepower on 
the regular contact lights. These units, with brightness 
control, permitted operation under much worse weather 
conditions than was possible with regular equipment. 
About 50 airports, particularly in Alaska and the Aleu- 


tians, were equipped with these units, and their record. 


was quite good. 

The other unit was a “‘mobile floodlight assembly,” 
consisting of a 15-kva 115/230-volt generator and four 
3-kw landing area floodlights on a 11/s-ton truck. The 
generator was driven by the truck engine through a 
power take-off. The control arrangement, by engine 
governor and variable voltage, was such that frequency 
and voltage were held to plus or minus one per cent 
automatically. A switchboard permitted part or all 
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of the generator capacity to be diverted to outside lines 
for powering portable electric tools or other uses. Four 
3-kva step-down transformers, 230 to 32 volts, were used, 
one for each floodlight. 


An adjustable pedestal, mounted at the rear of the 


truck bed, supported the four drum-type floodlights in 
such manner that each floodlight was adjustable through 
-a 30-degree arc, vertical and horizontal, and the as- 
sembly of four also could be rotated or elevated as a 
_ unit and raised from 7 feet high over-all to 12 feet. The 
lenses on the floodlights were one each of plain, 10- 
degree, 30-degree, and 80-degree spread, providing 


1/4-footcandle minimum intensity on a landing | strip 


400 feet wide by 4,000 feet long. 

One hundred and fifteen of these assemblies were 
built and gave excellent service on all fronts. 

A companion development to the contact lights took 
place in the auxiliary equipment. Most notable of 
these was the swing from the old standard moving coil 
constant current regulator to the static, or monocyclic 
square, regulator. 
known quite well but not much attention had been paid 
to it. As power supplies on many of these new airports 
were limited, the need for improved power factor on 
partly loaded regulators caused engineers to take another 
long look at the monocyclic square. Much had been 
learned about the behavior of the square in its applica- 
tion to constant voltage transformers, and by applying 
that knowledge to the constant current unit, a much 
improved combination resulted. The new regulator 
was much more compact and maintained power factors 
of 90 per cent and higher under all load conditions. 
Further development enabled brightness control, where- 
by regulator output was such that light intensity of 100, 
30, 10, 3, or 1 per cent was obtained, to be built into the 
regulator. This was accomplished by adding taps to 
the output transformer on the square and using relays 
mounted in the regulator case. This development thus 
condensed the constant current regulator, brightness 
control transformer, five high voltage relays, and a pro- 
tective circuit relay into one compact unit and raised 
the lowest power factor condition from less than 20 
per cent to more than 90 per. cent. 

Another development of auxiliary equipment was the 
“runway selector cabinet.” Previously it was necessary 
to use up to four high-voltage series short-circuiting 
relays, and four heavy-duty high-voltage series absolute 
cutouts, mounted on a pipe rack, to connect the regu- 
lator output to the proper runway circuit and provide 
protection for maintenance personnel when the lights 
were being serviced. Wiring of this equipment was 
done on the job, and the installed cost varied from 
$500 to $750, depending on local conditions. The 
space requirement was about 75 cubic feet, 5 by 5 by 3. 
The runway selector cabinet combined all this equip- 
ment, plus line and load terminals, in one compact 
unit. Installed cost was cut in half and the space re- 
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quirement was reduced to nine cubic feet, 3 by 3 by 1. 

Many developments of airport and airway lighting 
for commercial use are now under way. For airway 
lighting, a new high intensity obstruction light to give 
better identification to radio towers or other major ob- 
structions is nearing completion. Using only one 500- 
watt lamp, this new unit will have a candlepower of 
40,000 in red compared with less than 5,000 in red from 
the present marker which uses two 500-watt lamps. 
Instead of flashing the lamps, which often causes trouble- 
some radio interference, the new unit has a rotating 
semaphore lens system under a red glass dome. A 
standby lamp provides a safety factor not SERS ont 
present equipment. 

Also nearing the final test stage is a new intermediate 
airway beacon for use in areas where spacings of five 
miles, or less, must be used, due to terrain. This new 
beacon has light characteristics identical with the larger 
airway beacons, and has a maximum candlepower of 
100,000, compared to about 10,000 candlepower from 
the present intermediate beacon. The new beacon is 
enclosed completely, making it impervious to wind, rain, 
snow, or sleet. 

In airport lighting, the most notable tendency is to- 
ward much higher candlepower on contact lights, and 
much more expensive equipment generally. The wails 
of the airport lighting engineer are being heeded at last. 
The common practice of building magnificent airports, 
then using what money is left over, if any, for lighting 
must be changed. There is too much at stake. The idea 
of limiting lighted landing aids to a cost of one per cent, 
or less, of the airport cost can be classed as little less than 
criminal negligence. .As an example, an airport with a 


fi See 


Figure 2. New runway selector cabinet which combines short- 
circuiting relays, series absolute cutouts, and brightness control 
equipment 


Over-all size is approximately 3 feet by 3 feet by 7 foot 
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published cost of nearly $40,000,000 has field lighting 
equipment that costs under $100,000, or one fourth of 
one per cent of the total cost. Another example is an 
airport which costs well over $2,000,000, but the light- 
ing equipment costs only a little over $10,000, or one 
half of one per cent. And these are supposedly modern 
airports. 

Recently there were two airline accidents with the 
loss of two transport aircraft and the life of one passenger. 
One of these accidents occurred when a pilot tried to 
land the airplane during a blinding rain squall; the other 


Figure 3. Projector-type approach lights which reach peaks of 
over one million candlepower 


These lights are serviceable in daytime weather of heavy haze, or light snow 
or rain; or in.night weather of medium fog, rain, or snow 


was blamed on an attempt to land the airplane in what is 
described as “murky weather.” Both accidents oc- 
curred at large airports on the airlines’ regular schedules, 
and both were due to overshooting the runway. 

These are not the first accidents of their kind, nor will 
they be the last. 

Simple economics long have demanded that there 
must be no strings on the purse when safety is involved. 
These airplanes cost as much as all the lighting aids on 
the airports, and who will venture placing a cash value on 
human life? Newer, larger airplanes cost more than 
$1,000,000 each. One such airplane, with its load of 
humans, makes almost any airport lighting system seem 
insignificant. 

But what are the engineers doing? New contact lights 
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with candlepowers up to 100,000 are in production. 


These are a hundred times as powerful as those now in 


use. 

New traffic control equipment, consisting of giant 
crosses and arrows made up of gaseous tube elements, 
have been tested thoroughly and are ready for use. 
These designate the runway to be used and give positive 
location at the end of the runway when crossed by an 
aircraft on an instrument approach. 

Greatest engineering strides have been made on ap- 
proach light systems, designed to work with so-called 
“blind landing” methods. Several years ago the Civil 
Aeronautics Administration devised the so-called “neon 
ladder” approach light system, which consisted of 5-foot 
long neon tubes in linear parabolic reflectors, mounted 
100 feet apart in a row 1,500 feet long extending from 
the runway covered by a leg of the radio range. This 
system has been satisfactory in hazy daytime or light fog; 
or in light fog, light rain, or light snow at night; but it is 
useless under worse weather conditions, and is too bright 
on clear nights. A more recent CAA system uses pro- 
jector-type equipment to supplement the ladder. These 
units have peaks of over 1,000,000 candlepower and are 
serviceable in daytime weather of quite heavy haze, 
light rain, or snow; and night weather of medium fog, 
medium rain, or medium snow. 

Recently the United States Army Air Corps, the 
Bureau of Aeronautics of the Navy, and the Air Transport 
Command have been testing variations of these systems. 
One, called a ‘‘neon blanket,” is an enlarged version of 
the old neon ladder. Each unit consists of 11 4-foot 
neon tubes. While spectacular in clear weather, it is 
little more effective than the neon ladder in daytime or 
adverse night coriditions. On clear nights it is very 
glaring. A newer variation, with brightness control, 
appears much more effective. 

Another unit is a variation of the projector unit, but 
employs an Edgerton-type flash lamp, similar to that 
used in the stroboscopic beacon. Sufficient data have 
been accumulated on this unit to prove that higher 
candlepower is the answer to lighting in really bad 
weather, and that a system with complete control of 
brightness is the answer to.an all-weather system of ap- 
proach lighting. 

Such a system has been designed, and now is under- 
going laboratory tests preparatory to a full scale in- 
stallation. Test data at present indicate that this system 
will reach through any kind of weather, from clear to 
absolute zero-zero plus heavy snow or rain. As an in- 
dication of the power packed into this all-weather sys- 
tem, the candlepower range for each unit is from 100 
candlepower to over five billion. A total of 72 units is 
required for each end of each runway, for a total candle- 
power of over 360 billion on each approach. For the 
first time candlepower can be talked about as glibly as is 
the “‘National Debt,’ with the candles at a dollar a 
throw. 
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Figure 4. Giant traffic control arrows which indicate whether the runway is clear or blocked 


What about costs? Staggering, when compared with 
past ideas of airport lighting costs. But a complete 
installation at each end of three runways on an airport 
will total less than the cost of one Lockheed Constella- 
tion! Truly, a small price for insurance against a repeti- 
tion of the two recent airline tragedies. 

Airport lighting for commercial use is growing up, 
fast! Twenty years ago, a $2,500 allocation for lighting 

_on a million dollar airport was a lot. It has grown toa 
quarter million dollar allocation on a 25 million dollar 
airport. Perhaps the not too distant future will see an 
allocation of 21/2 million dollars on a 75 million dollar 
project. And airport lighting in this article means equip- 
ment costs, not including cable, conduit, or installation. 
The percentage growth up to now has been from one 
quarter per cent to one percent. Three per cent appears 
to be an absolute minimum. 

Other developments are under way for commercial 
and private use. One of these, now nearing the pro- 
duction stage, is the ‘‘approach angle indicator.” It is 
expected that this will be a must supplement at all air- 
ports, regardless of size or scope. Dubbed the “‘missing 
link” by pilots who have watched it work, it unerringly 
indicates the correct altitude for incoming planes. It is 
the first piece of equipment to give elevation informa- 
tion that has enough candlepower to match contact light 
systems. The indicator projects a three-color sandwich 
toward the incoming plane, showing red if too low, 
yellow if too high, and green if at correct elevation. To 
avoid confusion with other lights, a mechanical shutter 
obscures the light for 1/2 second 40 times per minute. 

On airports with contact lights, the indicator replaces 
contact lights located 500 feet from the end of the run- 
way, one on each side. 

On small airports it guards. against overshooting or 
undershooting the available landing area. When used 
for training purposes, the time needed to teach a student 
good landing technique is reduced by as much as 20 
per cent in some cases, as no other means teaches the 
feel of proper rate of descent nearly as well as this unit. 

Excellent accuracy of color separation is achieved; 
the area of color mix, vertically, is about four feet at a 
mile. Two sizes of lamps are proposed: a 100-watt 
lamp for private airports, giving nearly 500-candlepower 
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average across the three colors; and a 240-watt lamp for 
commercial airports, giving over 1,000-candlepower as 
average. Private airports usually are not confronted 
with high landing speeds, and the lower candlepower is 
considered sufficient. : 
Particular emphasis is being placed on new, low cost 
equipment for small airports, class one and class two, by 
the CAA Office of Airports. New equipment soon 
available for these small airports includes a small double- 
end rotating beacon, essentially a miniature of the 36- 
inch airport beacon but costing about a fourth as much, 
and a small wind cone mounted on a 25-foot hinged pole, 
externally lighted and equipped with an obstruction 
light. Although only two thirds as long and half the 


Figure 5. The approach angle indicator, sometimes referred 
to as the “missing link” of airport lighting 
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This beacon costs 

only about a fourth 

as much as the stand- 

ard 36-inch airport 
beacon 


diameter, this cone has all the features of the standard 
wind cone, with an indicating range of one mile. It 
costs about as much with the pole as the standard wind 
cone itself. 

Other items nearing the production stage are a new, 
low cost line of marker and obstruction lights, having 
most of the features of standard AN types, but using 
standard screw base lamps. There is a new low cost 
surface mounting contact light that bolts directly to the 
surface near the edge of a concrete or macadam runway. 
This unit has an integral junction box with watertight 
cable entrance bushings that projects over the edge of 
the runway into the earth fill. Cable is laid alongside the 
runway in regular trenches, breaking up to enter the 
contact light. 

In the testing stage is a new asymmetric globe for 
either AN-type or the new low cost type marker lights. 
‘This will be used in place of contact lights on unpaved 
landing strips, on range lights, and on box lights at the 
ends of paved runways. ‘This new globe also will be 
used on contact light extensions in snow country, giving 
essentially the same light distribution, and mounted on 
supports from 2 to 10 feet high to clear drifts or banks. 

Airport lighting design engineers are busier than ever 
‘with two major problems facing them. The first, and 
most important, is to provide complete, all-weather 
lighted landing aids for commercial use to insure safety 
as far as possible. Do not be confused by all the loose 
statements that robot landings are just ahead. “Blind 
landing” equipment was on test in 1938; blind landings 
still are not made as a matter of course. Improvements 
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classes of aieetets ie bets. its own alin SEAS: _ 
The small privately owned airport, whether operated 
individually, by a flying club, or by asmall community, _ 
either will be an all-way field having no runways or ~ 

stabilized surface, or will have stabilized surface landing 
strips. Lighting equipment will include a small rotating 
beacon, a small wind cone, and either low cost boundary 
and obstruction lights to outline an all-way landing area, 


or asymmetric strip lights and approach angle indicators — | 


for stabilized surface landing strips. If activity and 
finances permit, a mobile lighting unit will be used as 
an all-purpose floodlighting system. 

The small municipal airport in communities up to 
about 25,000 population generally will have two or 
three runways of stabilized soil. Lighting must be 
sufficient for private and feeder line aircraft, and will 
include a small rotating beacon, one or more small wind 
cones, asymmetric strip lights or low cost contact lights, 
obstruction lights, approach angle indicators at each end 
of each runway, and either a permanent floodlight sys- 
tem or a mobile floodlight unit. 

Larger communities, up to 100,000 population, will 
have good sized airports with at least three paved run- 
ways, and these must be equipped to handle all types of 
aircraft, under some adverse weather conditions. Light- 
ing facilities will have to be quite extensive, and should 
include a large rotating beacon, large wind cone or wind 
tee, contact lights with brightness and runway selector 
control, approach angle indicators, and landing area 
floodlights at each end of each runway, obstruction lights, 
and a low visibility approach lighting system consisting 
of neon ladder and projector approach lights at the end 
of at least one runway. This will be on the runway 
aligned with one leg of the radio range or equipped with 
a radio approach system. 

Communities of over 100,000 population will have 
large airports designed primarily for commercial and 
feeder operations. Lighting equipment for these large 
airports will include a large rotating beacon, an auxiliary 
beacon to flash the code letters identifying the airport, 
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a ceiling projector for continuous check « on ceiling height, 
a portable traffic signal for emergency control, and 


contact lights with brightness and selector 
control. 


way traffic control lights, approach angle 
indicators, landing area floodlights, a 
smoke wind indicator, cross and arrow 
_runway designators, and _ projector-type 
approach lights with brightness control 
will be needed. Radio approach systems 
will be needed for one or more landing 
directions. Obstruction lights and taxi 
guidance lights also will be used. 
_ Super airports, serving communities 
with over 1,000,000 population, will have 
at least three pairs of parallel runways, 
and complete all-weather lighting to in- 
sure safety of operation as far as possible. 


Lighted aids for the super airport will 


include the large rotating beacon, auxili- 
ary code beacon, ceiling projector, port- 
able traffic signal, and wind cone or wind 
tee, or both. All runways will have high 
intensity contact lights with brightness 
control and each end of each runway will 
have asymmetric range lights, runway traf- 
fic control lights, landing area floodlights, 
cross and arrow runways designators, 
smoke wind indicators, and approach an- 
gle indicators. Each end of each runway 
normally used for landings will have an 
all-weather approach light system with 
complete intensity control. These ap- 
proach lights will extend at least a half 
mile beyond the end of the runway. 


Taxi guidance lights will be on a block system of 
interlocked with the runway traffic control 


control, 


At each end of each runway 
range lights with asymmetric globes, run- 


Illuminated wind 


Figure 7. 
cone for smaller airports 


large and super airports, is not apparent. 
mands no less, and demands it now! 


4 


lights, cross and arrow runway designators, and ap- 
proach lights so that a taxiing plane cannot be author- 


ized to move across any runway when the 


runway signals indicate clear for landing — 


or take-off. This system of control must 


have two stages of brightness, one for day 


time, the other for night use, to give ade- 
quate signals for operation 24 hours a day. 
This emphasis on lighting as the major 


control method at airports is the result of — 


the almost complete failure of radio con- 
trol in heavy air traffic. Radio must be 
used to contact the incoming airplane and 
give preliminary approach instructions, in- 
cluding weather conditions, wind direction 
and velocity, and assigning priority for 
landing. Mass operations must be on a 
**follow-the-leader”’ basis, and the radio is 


used to set up this part of the landing | 


operation. Once a pilot receives his 
weather data and is assigned his approach 
priority, radio contact ceases and lighting 
takes over. Similarly, on take-offs, radio 
is used to give weather and wind data, des- 
ignate the runway to be used, and the 
taxiing route to take-off position; light- 
ing does the rest. Thus two control of- 
ficers, one on radio and the other on lights, 
easily can handle any volume of air traffic 
up to one movement per minute or more. 
Only by combining radio and lighting can 
such volume of air traffic be handled safely. 

That is a picture of minimum require- 
ments for airport lighting as it appears 
at present. How soon these minimum 
requirements will be met, particularly on 
Safety de- 


Vertical Wind Tunnel 


ITHIN THE 80-FOOT concrete tower of the 
recently completed vertical wind tunnel at Wright 
Field, Dayton, Ohio, aerodynamic tests which may save 
many dollars, working hours, and even the lives of 
pilots now are being conducted on future Army Air 


Based on material prepared by the public relations office of the Air Matériel 


Command, Wright Field, Dayton, Ohio. 
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Vertical Wind Tunnel 


Forces airplanes which are still in the blueprint stage. 

The Air Matériel Command’s new free-flow open- 
throat vertical wind tunnel, 
impossible tests for airplane spin characteristics, terminal 
velocity studies, parachute research, and experiments 
with helicopter rotor blades, has been erected near the 
20-foot-wide horizontal tunnel and the 750 mile per 


the scene of previously 
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‘Air Maréviel Comnandl shoes 
Structure housing new 80-foot vertical wind tunnel 
at Wright Field 


Figure 1. 


hour high-speed and high-altitude tunnel on Wright 
Field’s ‘Hurricane Hill.” 

A 12-foot cylinder which runs up the center of the 
building serves as the test chamber and operational 
heart of the tunnel. An upward airstream is sucked 
through the test section and returned down an annular 
air passage between the inner cylinder and the outside 
concrete walls of the building by a 4-bladed wooden 
propeller, 16 feet in diameter. The fanlike propeller is 
turned by a 1,100-horsepower electric motor mounted 
above it at the top of the tunnel. Variations in 
airstream, ranging from almost zero to more than 
100 miles per hour, are accomplished by means of a 
controllable pitch arrangement on the propeller, rather 
than by changes in the motor speed. Walls of the test 
section are faced with polished maple flooring to mini- 
mize airflow turbulence. 

Tests are conducted from a recessed observation 
balcony which opens into the tunnel throat, halfway up 
the test section. Model airplanes, built to an extremely 
accurate scale from designer’s specifications for new 
aircraft, literally are thrown from the balcony into the 
airflow which sweeps upward at a predetermined speed 
sufficient to sustain the miniature. As the model spins, 
dives, or climbs in the airstream, synchronized motion 
picture cameras located at the top and side of the test 
section record every motion and reaction of the plane. 
Subsequent study of these film records enables engi- 
neers to anticipate performance of a new ship, and 
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to detect design errors before the full-size airplane enters 
the construction stage. 

Wingspread on the model airplanes ranges from two. 
to three feet, or approximately 1/30 that of a full-scale 
airplane. The miniatures are accurate to within 1/100 
of an inch, and are balanced by weights to within 1/10 
of agram. Each free-flying model contains a complete 
set of controls, including ailerons, flaps, rudder, and 
elevators, which are operated by remote control with 
the precision of a pilot. The remote control mechanism, 
12 half-inch solid copper cables banded together to circle 
the inner wall of the test chamber, magnetically activates 
the controls in the model airplane. As the power 
running through the copper rings is shut on or off, the 
position of the magnetized controls is changed and the 
flight pattern of the model is varied at the will of the 
operator on the observation balcony. When the test 
is completed the fanlike propeller is stopped, the airflow 
ceases, and the model falls into a nylon net stretched 
across the base of the test section. 

As the Army continues its experimentation and de- 
velopment of the helicopter, the vertical tunnel will be 
utilized for research on rotor blades. Mounted on a 
streamlined hub at the base of the tunnel, model rotor 
blades can be tested for vibration and stress analysis 
while subject to simulated flight conditions created by 
the upsweeping airflow. Parachute models will be 


tested for “‘sway”’ in the airstream, and when attached 
from beneath to a force-recording mechanism, will be 
checked to determine the weight that the parachute can 
support safely in descent. 


XY 


Air Matériel Command photo 


Figure 2. Vertical wind tunnel as seen from its base 


View shows, in order, polished maple surface of lower test chamber, nylon 

net into which models fall at completion of test, free-flying model airplane, 

and, at the top, vents through which a 16-foot propeller sucks winds at 
Speeds greater than 100 miles per hour 
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"Southern District Holds ne : t ae: yh 
Sixth District Meeting in Renee 


With the South Carolina Section and the 
North Carolina Section collaborating as 
hosts, the sixth general conclave of the 
AIEE Southern District was held May 
14-16 at the Grove Park Inn, Asheville, 
N. C. The dual features of the meeting 
were a very active student conference with 
representation from 15 of the 18 Student 

_ Branches in the District, and devotion of 
a large portion of the technical meetings 
program to the problems of especial inter- 
est to the industrial south. Total verified 
attendance was 373, in spite of last minute 
cancellation of nearly 50 advance regis- 
trations as the result of uncertainty over 
the railroad transportation situation. Reg- 
istration statistics are given in aceompany- 
ing tabulations. 

The Southern District now janiudes 11 
Sections, 4 Subsections, and 18 Student 
Branches. The Sections are: Alabama, 
East Tennessee, Florida, Georgia, Louis- 
ville, Memphis, Muscle Shoals, New 
Orleans, North Carolina, South Carolina, 
and Virginia. Subsections have become 
active at Little Rock, Ark., under the 
Memphis Section; at Charlotte, under 
North Carolina Section; and at Norfolk 
and Hampton Roads under the Virginia 


Section. Student Branches now are ac- 
tive at: Alabama Polytechnic. Institute, 
Auburn; University of Alabama, Uni- 
versity; Clemson Agricultural College, 


Clemson, S. C.; Duke University, Dur- 
ham, N. C.; University of Florida, 
Gainesville; Georgia School of ‘Tech- 
nology, Atlanta; University of Kentucky, 
Lexington; - Louisiana State University, 
Baton Rouge; University of Louisville, 
Louisville, Ky.; Mississippi State College, 
State College; North Carolina State Col- 
lege, Raleigh; University of South Caro- 
lina, Columbia; University of Tennessee, 
Knoxville; Tulane University, New Or- 
leans, La.; Vanderbilt University, Nash- 
ville, Tenn.; Virginia Military Institute, 
Lexington; Virginia Polytechnic Institute, 
Blacksburg; University of Virginia, Char- 
lottesville. 


GENERAL SESSIONS 


Presided over by AIEE Vice-President 
H. B. Wolf, the opening general session 
was given over to official welcome on be- 
half of the mayor of Asheville, introduction 
of President-Nominee J. E. Housley, and 
a general discussion on AIEE activities 
and engineering-society organization by 
AIEE Vice-President J. F. Fairman. 
Mr. Wolf called attention to the fact that 
the current total of 1,381 AIEE members 
of the Southern District represented some 
22 per cent gross during the past 9 months. 
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He paid special Oi oe individual’ 
and southern industrial organizations whose 
contributions enabled his student activi- 
ties committee substantially to underwrite 
the individual cost of student participation 
in the District meeting and student con- 
ference. 

Speaking on behalf of the mayor of 
Asheville, Lee M. Bauer, president of the 
Engineers Club of Western North Carolina, 
presented the city’s official welcome to 
those in attendance at the meeting. Indi- 
cating the interest of the south in the vari- 
ous aspects of electrical engineering inci- 
dental to the rapidly growing industriali- 
zation, Mr. Bauer stated that in 1944 
southern industry used a billion kilowatt- 
hours more than in 1941, the total repre- 
senting nearly one third of all industrial 
power requirements of the United States. 
With reference to engineering activities, 
and especially engineering education in the 
south, Mr. Bauer mentioned the pro- 
gram of the North Carolina Engineering 
Foundation which, with the object of pro- 
viding the men and technique necessary for 
southern industrial growth, is very active in 
a program to “give qualified young men 
adequate technical training at home, and 
then to keep them at home in the south.” 

Vice-President J. F. Fairman (F ’35) 
chairman of the AIEE committee on plan- 
ning and co-ordination, then discussed 
Institute planning and was followed by 
several speakers who analyzed various: as- 
pects of the committee’s program in more 
detail (see page 268 of this issue). 

**Time” was the subject of an illustrated 
address given to the men, women, and stu- 
dents of the meeting assembled at an eve- 
ning session by Commodore J. F. Hellweg 
(retired) of the United States Naval Ob- 
servatory. Commodore Hellweg briefly 
traced the history of mankind’s continuing 
attempts better to determine and report 
accurately the passage of time. He de- 
scribed and pictured early crude instru- 
ments, as well as the development of more 
precise instruments, including his own 
laboratory’s development of equipment 
which automatically puts out radiobroad- 


Southern District Meeting Attendance 


1928-41 
Date Location Attendance 
1946—May 14-16.....Asheville, N. C.....,.373 
1943—Nov. 16-18..... Roanoke, Va.........220 
1941—Dec. 3-5....... New Orleans, La..... 384 
1938—Nov. 28-30..... Miami, Fla.......... 282 
1930—Nov. 19-22..... Louisville, Ky........ 300 
1928—Oct. 29-31..... Atlantay) Gassdeic dele © 400 


Institute Activities 


iy 
{ 


_cast time signals accurate to 0.001 second. 


Conditions existing in Germany since 
her military defeat a year ago were de- 
scribed by Past President C. A. Powel, re- 


cently returned from a 9-month tour of duty _ 


in Germany as chief of the electrical and 
radio branch of the Allied Control Com- 
mission. Mr. Powel expressed great con- 
cern over the fact that the Potsdam agree- 
ment calls for the reduction of German 
industry to that commensurate with a 


domestic economy of a level of no higher 
_ than that of surrounding countries, whereas 
the policy recommended jointly by the — 


presidents of the major United States 
engineering societies (EE, Nov °44, pp 
393-4) .recommended the reduction of 


German industry to a level incapable of | 


preparing for or supporting a war of agres- 
sion, but sufficient to maintain German 
domestic economy at something like its 


prewar strength with reference to its’ 


neighboring countries. Mr. Powel con- 
tended that peace would be more secure 
with a commercially strong German in- 
dustry. Many of his listeners agreed with 
him, but Commodore Hellweg who is 
intimately familiar with the German situ- 
ation, past as well as present, strongly and 
unqualifiedly disagreed with him. 


BUSINESS MEETINGS 


The AIEE board of directors held its 
May meeting, a double-header session, at 
Asheville during the Southern District 
meeting, at the invitation of and by pre- 
arrangement with Vice-President Wolf and 
the Southern District meeting committee. 
Other business meetings included an 
evening meeting of the District 4 executive 
committee, and the District 4 conference 


on student activities, and a business meet- | 


ing of the North Carolina Section. 


ENTERTAINMENT 


Although there were no formal social 
activities with the exception of a brief 
luncheon for the women, special features 
arranged by the committee provided a 
nicely balanced program of diversion for 
both men and women. The Biltmore In- 
dustries on the grounds of the Grove Park 
Inn, devoted to jewelry making, famous 
homespun clothing fabrics, and various 
handicrafts, proved to be almost equally 
attractive to both men and women. The 
famous 12,000-acre Vanderbilt estate, 
Biltmore House, adjoining Asheville drew 
many informal groups of visitors during the 
course of the meetings. 
like‘‘house” in the French Renaissance style, 
completely furnished in the original man- 
ner, now is operated as a public museum. 
A golf tournament for men was won by 
D. A. Quarles (F °41) of New York, with 
second prize to W. J. Waicman of Char- 
lotte, N. C.; third prize to W. T. Johns 
(A’44) of Richmond, Va.; and fourth 
prize to L. A. Coone (A’39) of Charlotte. 
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Analysis of Registration at Asheville 
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North Other i‘ 2 
: Carolina Dis- Dis- Aah 
Classification Section trict 4* —_tricts Total 
Members....... EY reiaait UteRo se: oh Weaoaea 165 
Student mem- 
sihera se AE bg kh Gin Rr er Peter 93 
Men guests...... ren key ie teh se # oo) 
Women guests... 14....... 19S curtod Oleh oee 45) 
Totals... achies 11405 2555 ZLOB Rie AON erate eee! 


* Outside North Carolina Section. 


Among the inspection trips, the trip 
to the Ecusta Paper Corporation in Pisgah 
Forest, N. C., about 35 miles from Ashe- 
ville, took first place with a registration of 
110. This plant is one of the largest and 
one of the very few in the world specializ- 
ing in the production of cigarette paper. 
A close second in popularity was the trip 
to the American Enka Corporation about 


12 miles from Asheville, for which the 


registration exceeded 90. This huge plant 
is the only producer of rayon in North 
Carolina. A total of 55 registered for two 
separate trips to the 30,000-kva Glenville 
hydroelectric plant of the Nantahala 
Power and Light Company about 70 
miles from Asheville. This plant enjoys 
the distinction of being the highest head 
(1,150 feet) hydroelectric plant in the 
East. A total of 14 registered for two 
trips to the Cliffside steam plant of the 
Duke Power Company, also about 70 miles 
from Asheville. Features of this plant 
are two 40,000-kw 3,600-rpm units operat- 
ing at 900 pounds and 900 degrees; work 
has been started on a 65,000-kw addition 
to operate at 1,250 pounds and 950 de- 
grees. 


STUDENT ACTIVITIES 


‘The following résumé of student activi- 
ties at Asheville was prepared by Miss 
Marie Foote, senior electrical engineering 
student at Duke University, and one of 
four women engineering students in attend- 
ance at Asheville. The others were: 
Miss Marie Kemper of the University of 
Kentucky, Lexington; Miss M. Theodor- 
sen of Duke University, and Miss Betty C. 
Peters of the University of Kentucky, Lex- 
ington. 

The Asheville student conference re- 
established the normal status of these annual 
meetings of the Student Branches of the 
Southern District. The entire District 
meeting program was arranged to permit 
Student Members to attend most of the 
events, including all scheduled inspection 
trips and still attend their own conferences. 
Through the co-operation and financial 
support of industries located throughout the 
Southern District, a generous portion of the 
expenses of each Student Member in at- 
tendance was provided for by the general 
committee of the District meeting. 

Fifteen of the 18 Student Branches of the 
District were represented by students and 
counselors. The remaining three Student 
Branches are active on their campuses, but 
were unable to be represented at this con- 
ference, principally because of conflicting 
examination schedules. 
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i to 4 « ‘ae. at 
ae of jNey eS Job 
William J. ‘Miller, counselor. K 
College: omas iho Dabney, | ; 
Tingley, counselor. Duke Universit 
Dunaiski, chairman; Otto Meier, 
University of Florida: ; 
Smith, counselor. Gootyia Sch 
Noel C. Turner, alternate; H. 
University of Kentucky: James M. 
Brinkley Barnet, counselor. Louisiana State 
versity: Julian S. Johnston, Jr., chairman; A. 
Ramsey, counselor. University of Louisville: P 
F. Wantland, chairman; M. G. Northrop, counselor. 
North Carolina State College: J. W. Chadwick, Jr., 
chairman; L. M. Keever, counselor. University of 
South Carolina:’ Claude E. Walston, chairman; 
Samuel Litman, counselor. University of Tennessee: — 
Robert E. Ely, Jr., chairman; J. G. Tarboux, coun- 
selor. Tulane University of Louisiana: Lester L. 
Lenz, chairman; M. G. Zervigon, counselor. Vir- 
ginia Military Institute: John W. Trumbo, chairman; 
J. S. Jamison, Jr., counselor. Virginia Polytechnic 
Institute: Frank L: Crow, alternate; Claudius Lee, 
counselor, University of Virginia: Theodore T. 
Patterson, Jr., alternate; L. R. Quarles, counselor. 


Student Branches not represented were 
Alabama Polytechnic Institute, Mississippi 
State College, and Vanderbilt University. 

The Student Branch of Duke University 
acted as host to the student conference. 
Professor Otto Meier, Jr., of Duke Univer- 
sity, presided at the student conference as 
chairman of the committee on student ac- 
tivities of the Southern District. On 
Tuesday, May 14, the Duke Branch spon- 
sored an informal gathering of all students, 
featuring a motion picture in colors of 
views of the Duke campus. 

On Wednesday, May 15, 6 student pa- 
pers were presented at the student papers 
session: 


“A Study of Volume Expansion,” 
Carlisle, Jr., Duke University. 


Benjamin H. 


‘Electrical Problems in the Drainage of New Orleans,” 
Edwin G. Hays, Tulane University. 


_ man of ihe A 
_ Branches. 


by Benjamin 
sented a secon a 
session of the District meeting on’ 
May 16. 

At the business meeting of th 
conference pty on Thursday, ; 


Branch caafeehes of the Southawe Dietrie 
would be held at the University of Ke: 
tucky. Professor Brinkley Barnett, co 
selor of the University of Kentucky se 


dent Branch, was elected unanimously ae oS 


chairman of the committee on student ac- 
tivities of the Southern District for 1946-47 
and was designated to represent the com- 
mittee at the summer convention in June 
1946 at Detroit, Mich. 

The student conference voted to advise 
the board of directors that the Student 
Branches of the Southern District favor 
the establishment of an annual lecture tour 
providing for lectures by nationally prom- 
inent speakers at Student Branches. The 
conference also recommended that Elec- 
trical Engineering contain a student page for 
the purpose of recording outstanding activ- 
ities of the Student Branches. 


Institute Activities Given First Place 


on Southern District Meeting Program 


The subject of the organization of the en- 
gineering profession as a whole, as well as 
possible changes in AIEE procedures, 
which has held the limelight at both the 
South West and Northeastern District 
meetings and at many recent Section meet- 
ings, through the efforts of the AIEE com- 
mittee on planning and co-ordination, 
again was prominent at the Southern 
District meeting. The subject was intro- 
duced at the opening session of the meet- 
ing at 10 a.m., Tuesday, May 14, by Vice- 
President J. F. Fairman (F’35) chairman 
of the committee. 

Vice-President Fairman outlined the 
work that has been done to date by the 
AIEE committee on planning and co- 
ordination toward the objective of its as- 
signment last fall of the responsibility for 
a general study of AIEE activities with a 
view toward their improvement and vitali- 
zation. Acting for T. G. LeClair (F ’40), 
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chairman of the subcommittee on profes- 
sional activities, Mr. Fairman reviewed the 
subcommittee report as published in the 
April issue of Electrical Engineering, covering 
the various possible plans of organizing or 
reorganizing the activities of the several 
engineering societies. To give specific 
point to the several proposals, Mr. Fairman 


’ called upon D. A. Quarles (F ’41) of New 


York to discuss the contemplated advan- 
tages of plan A covering consolidation of the 
engineering societies in the electrical field; 
C. W. Evans (M ’40) of Atlanta to discuss 
the qualities of plan B, which contem- 
plates the maintenance of technical activi- 
ties by the present technical societies and 
the concentration of the so-called profes- 
sional or general public questions in a 
separate society devoted to that particular 
field, such as the National Society of Pro- 
fessional Engineers; and P. L. Alger 
(F 30) of Schenectady, N. Y., to discuss 
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Randall Wilson 


Student members and counselors in attendance at the 1946 annual Southern District Student Branch conference at Asheville, 


the qualities inherent in plan C, the plan 
which calls for continuance of technical 
activities under the existing societies, with 
local councils for joint action on local mat- 
ters of common interest and a federation at 
the national level to provide facility for 
joint action on national and international 
matters of common interest. There was in- 
sufficient time to provide for any general 
debate on the relative merits of the differ- 
ent ideas, but, for the guidance of his com- 
mittee, Mr. Fairman circulated and col- 
lected questionnaires. 

Discussing the technical activities of the 
Institute, M. D. Hooven (F ’44) chairman 
of the AIEE technical program committee 
and also chairman of the technical activities 
subcommittee of the AIEE committee on 
planning and co-ordination, stated that, 
although there was plenty of room for more 
initiative in the promotion and develop- 
ment of technical activities, it was his 
opinion and that of his committee, that no 
major changes in Institute organization 
are required, and that none have been dis- 
covered that would be likely to contribute 
materially to more efficient operation in the 


Directors Take Action 


N. C., May 14-16, 1946 


technical field. He reported that his com- 
mittee had surveyed the activities of some 
50 technical organizations for purposes of 
comparison and was continuing its study 
of AIEE technical activities. A progress 
report covering a résumé of the activities 
of the subcommittee on technical activities 
was published on page 222 of Electrical 
Engineering for May 1946. Mr. Hooven 
called attention to the fact that his tech- 
nical program committee was planning to 
begin its work earlier in the administrative 
year, by planning to hold a new national 
convention somewhere in the Midwest in 
the general vicinity of Chicago in the early 
fall of each year. He pointed out that this 
additional national convention not only 
would provide an outlet for additional 
technical papers, which would relieve some- 
what the growing congestion of the present 
summer and winter conventions, but also 
would get the technical program com- 
mittee and the technical committees busy 
developing technical papers earlier in the 
year than has been the case with the winter 
convention, the first major objective of the 
administrative year. 


to Broaden AIEE Activities 


Actions taken by the AIEE board of 
directors at its May meeting calling for 
expansion and vitalization of AIEE tech- 
nical activities, the broadening of the 
publications program, the better to serve 
the Institute’s greatly increased member- 
ship, and calling for an expansion of the 
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headquarters staff to enable it to take a 
more active part in the development and 
leadership of AIEE activities, are hailed 
by informed observers as marking the 
opening of a new era in AIJEE affairs. 
The board held a double-header session 
at Asheville during the recent Southern 
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District meeting, to provide adequate 
time for the normally heavy routine busi- 
ness of the May meeting and to provide 
the equivalent of a half-day session devoted 
entirely to the consideration of ways and 
means of extending and improving AIEE 
activities, providing for a greater flexibility 
in meeting the challenges of rapid develop- 
ments and changing conditions in techno- 
logical and other fields of direct concern 
to engineers, and of more effectively serving 
its individual members, all matters which 
have been under active study by the AIEE 
committee on planning and co-ordination 
in accordance with action taken by the 
Board at the beginning of the current 
administrative year. 

After a preliminary discussion of key 
matters had indicated the general con- 
sensus of the board, P. L. Alger, R. T. 
Henry, and J. R. North were appointed 
to act with D. A. Quarles as chairmen of 
a special interim committee to function 
at an evening session between the two 
meetings of the board for the purpose of 
preparing specific statements of policy 
upon which definite action could be taken. 
Accordingly, at its second session, the 
board took action as indicated in detail 
in the following paragraphs. 


HEADQUARTERS STAFF FUNCTIONS 


Heretofore, it has been traditional that 
the headquarters staff function essentially 
in a passive capacity, carrying out the 
office and other routine operations inci- 
dental to the AIEE program, leaving the 
matter of active guidance and leadership 
entirely in the hands of the elected officers 
and appointed national committees. De- 
sirous of establishing AIEE operating 
policy and procedure on a basis comparable 
with that successfully followed in industry, 
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with the staff taking a more active part 
akin to industrial management in the 


leadership and co-ordination of the various . 


elements of the organization, acting on 
behalf of the board of directors and in 
- correlation with the responsible leaders of 
the various AIEE activity groups to carry 
out the policy objectives established by 
the board, the board voted approval of 
the following statement of policy with 
reference to headquarters staff functions: 
“With the rapid growth of the Institute 
in numbers, in technical ' and rographical 
subdivisions, and in: complexity of its 
technical field, it is the sense of the board 
of directors that means should be sought 
to increase the effectiveness of its manage- 
ment and administration. As one means 
to this end, the board proposes to strengthen 
the headquarters staff as may be required 
-to render ” ‘appropriate assistance to the 
various committees and agencies: of the 
Institute. To take full’ advantage of, this, 
the several committees are urged to seck 
the counsel and assistance of the secretary 


of the Institute and of. the. members , of ‘ 


the headquarters staff. . The secretary 
will consider the load on the staff resulting 
from this policy and recommend’ to this 
board such additions or changes as he 
may deem necessary to meet these require- 
ments; and all members of the head- 
quarters staff will be impressed with their 
duties and responsibilities in this connec- 
tion, including the need for individual 
initiative in offering counsel and advice 
and in carrying out the policies and plans 
established by the responsible agencies 
and committees of the Institute.” 


TECHNICAL ACTIVITIES 


To provide for broadening the scope 
of AIEE technical activities, and to provide 
for an increased flexibility in the pursuit 
of these activities which will make possible 
a more prompt response to the rapid 
changes characteristic of many of the varied 
fields of electrical engineering activity, the 
board adopted the following resolutions: 


“Resolved, that it is the sense of the board 
of directors that the technical activities 
subcommittee of the committee on plan- 
ning and co-ordination should be guided 
by the following principles: (1) that such 
additional technical committees should 
be organized as may be needed to cover 
the important items of electrical tech- 
nology; (2) that these technical com- 
mittees should be grouped in appropriate 
divisions or groups with a steering com- 
mittee for each group fairly compact in 
numbers and reasonably concentrated 
geographically to promote effective action; 
(3) that the members of the steering com- 
mittees be appointed by the president, 
and the members of the technical com- 
mittees be appointed by their respective 
steering committees, all to serve for one 
year; (4) that each year the group steering 
committees, in addition to appointing their 
several technical committees, make rec- 
ommendations to. the president through 
the secretary on the membership and 
organization of their respective successor 
committees, including at least two al- 
ternates for each chairmanship; (5) that 
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in such recommet 
committees provide for a turnover of at 


least 25 per cent of the steering committee — 


personnel each year.. Further, that it is 
the intent of this board that the responsible 
committees should proceed with such 
changes as they may determine to be. 
necessary and proper to effectuate these 
principles unless the proposed changes 
are at variance with either the constitution 
or the bylaws, in which event they shall 
be referred back to this board.” 


PUBLICATIONS SERVICES 


Recognizing the need for expanding 
the publication services of the Institute 
commensurate with its continuing sub- 
stantial growth in membership and the 
greatly extended scope of subject matter 


currently of direct interest and importance 


to electrical engineers, the board took 
action on the following specific proposal: 


7. Electrical Engineering. Recom- 
mended that the monthly publication be 
given latitude and flexibility to function 
more effectively as a general service 
periodical, the better to meet the needs 
of the membership as a whole; that it be 
planned and operated by its editorial 
staff under general policies established by 
the board; that material from various 
AIEE meetings and conventions be avail- 
able for editorial selection preferably from 
the date of original submission, but cer- 
tainly from the date of presentation; that 
other timely material be available for 
editorial selection regardless of source; 
to be distributed monthly to all members, 
Student members, and subscribers. 


2. Proceedings. Recommended _ that 
an intermediate series of publications, to 
be called ‘‘Proceedings”’ or by other appro- 
priate title, be established, in several 
separate sections corresponding to divisions 
or related groups of technical activities 
and interests; each section to be issued 
every two or three months in accordance 
with the amount of material available and 
other factors involved, the several sections 
to be spaced around the calendar year to 
equalize production load; the series of 
periodicals to contain full text of all cur- 
rently available formal technical papers 
together with related discussions, and in 
addition thereto the full text or essential 
substance of virtually all other material 
presented at AIEE conferences, District 
meetings, and conventions, except that 
otherwise published in full in Electrical 
Engineering or-in special form; any one 
section to be available for automatic dis- 
tribution without charge, upon request, to 
any member in addition to Electrical Engi- 
neering, other sections to be available upon 
request at cost. 


3. Special Publications. Recommended 
that special publications be encouraged, 
to be issued from time to time to accom- 
modate the publication and appropriate 
distribution of material of especial value 
and importance in its field but of limited 
general interest or applicability; material 
highly technical or mathematical in con- 
tent, or specialized in subject matter such 
as the “ATEE Lightning Reference Book,’ 
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to be available to members at aa i 
others at higher prices. =e “i 
4. Annual Transactions. Recom- 


mended that the content of the annual | 
Transactions be drawn from the entire — 
series of AIEE meetings, programs and 
other appropriate AIEE sources, but be 
limited to material critically selected and 
judged on basis of most important new 
contributions, or other material specifi- 
cally selected on the basis.of permanent 
record archival value, the whole content — 
apportioned among subject fields appro- 
priately in accordance with membership 
distribution in those fields; formal dis- 
cussions to be included with the papers 
to which they apply; decisions and se- 
lections to be made by the publication 
committee at the close of each calendar 
year on the basis of original recommenda- 
tions of qualified reviewers, observed | 
membership reactions growing out of, 
initial presentation or publication, relative | 
merits of the several papers in any one 
subject field, and other factors significant 
from an archival record standpoint. 


5. Annual Index. Recommended that 
a complete composite AIEE annual index 
be issued appropriately covering the con- 
tent of Electrical Engineering, Proceedings, 
Transactions, and _ special publications; 
to be available for appropriate distribution 
without charge to members, Student 
members, and subscribers. 

With specific reference to this proposal, 
as outlined by Secretary Henline, the 
board of directors voted that: ‘‘It is the 
sense of the directors that the underlying 
plan of Institute publications be reviewed, 
so as to provide for a journal of general 
interest to the membership and separate 
Transactions and special publications which 
will constitute a repository of original con- 
tributions to electrical science and _ its 
application; it is further the sense of the 
directors that the staff should be allowed 
broad latitude in the accomplishment of 
these purposes.” Secretary Henline was 
requested by the board to submit the fore- 
going suggestions and actions to the pub- 
lication committee. This was done, and 
in all probability will result in further 
action by the publication committee, 
during the summer convention in Detroit. 


1946 Year Book Issued. The 1946 edi- 
tion of the AIEE Year Book has been is- 
sued, in accordance with 1945-46 budget 
provisions. Addresses are corrected as of 
November 1, 1945. Copies have been 
distributed to all national, District, and 
Section officers, Student Branch counselors, 
and all members of national committees. 
Other members may obtain copies by writ- 
ing to the AIEE, 33 West 39th Street, New 
York 18, N. Y. The Year Book is not 
available to nonmembers of the AIEE; 
nor is its use permitted for commer- 
cial, promotional, or other circularization 
purposes, 
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AIEE Samimer Convention, Detroit, Mich., 
5 ——— June 24-28, 1946 : 


B Monday, June 24 @® PAMPHLET reproductions of 
v4 authors’ manuscripts of the num- 


CP.** Evecrronicatty Operated INSTRUMENTS 
FoR InpusTRIAL MEAsuREMENTS. A. J. Hoveiegs 


% 9:30 a.m. 


Conference on Automatic or 
Supervisory Control of Air 
Switches 


46-147—ACGO.* Operratinc ExperIENcE WiTH 
Sincte Pore Swircuine. I. T. Knight, Kansas City 
Power and Light Company 


9:30 a.m. Conference on Temperature 
' Measurements and Stand- 
ards 

9:30 a.m. Instruments and Measure- 
ments 

46-155. FregueNcy ComPENSATED A-C AMMETERS 


AND VOLTMETERS. J. M. Whittenton, C. A. Wilkin- 


_ . son, General Electric Company 


46-133. FuncrionaL ANALYSIS OF MEASUREMENTS. 
I. F, Kinnard, General Electric Company 


46-135. A New Desicn ror THE A-C Network 
ANALYZER. J. D. Ryder, W. B. Boast, Iowa State 
College 


46-142. HicH-Vacuum Leak Testinec WirH THE Mass 
SpEcTROMETER. W. G. Worcester, E. G. Doughty, 
General Electric Company 


9:30 a.m. Conference on Electronics in 


the Electrical Engineering 
Curricula 


9:30 a.m. 


46-156. CHARACTERISTICS OF RESISTANCE WELDING 
TRANSFORMERS. F, E. Murray, R, C. Jones, The 
Taylor-Winfield Corporation 


46-137. INFLUENCE oF MAGNETIC MATERIALS ON THE 
WELDING CHARACTERISTICS OF RESISTANCE WELDING 
Macuines. J. J. Riley, C. E. Smith, The Taylor Win- 
field Corporation 


46-141. THe AppLicATION or SERIES CAPACITORS TO 
FrasH We.tpeErs. J. F. Deffenbaugh, Federal Ma- 
chine and Welder Company 


Resistance Welding 


CP.** Vo.trace CuHance Due To Resistance WELD- 
mnG Loans. C, M. Rhoades, Jr., H. A. Peterson, 
General Electric Company 


2:00 p.m. Conference on Section Oper- 


ation and Management 


There will be three separate Conferences with parallel 
meetings, one for the larger Sections, one for the inter- 
mediate Sections, and one for the smaller Sections. 
Delegates are requested to attend the meeting to which 
their Section is assigned. 


The conference will be conducted in an informal man- 
ner. Each delegate will benefit from these conferences 
in direct proportion to his participation. Each meet- 
ing will be developed by discussion and questions from 
the floor covering the following subjects: 

Operating committees 

Technical groups 

Fellowship 

Section prize paper competition 

Ten Minute Intermission 


Signature of travel vouchers by delegates 
Liability of Sections for injuries at meetings 
Subsections 


Announcement of special conferences of interest to the 
delegates: 
(a). Local councils of engineer and technical societies 


bered papers listed in the program 
may be obtained as noted in the 
following paragraphs. 


@ ABSTRACTS of most papers 

appear on pages 278-86 of this issue 

and pages 130 of the March and 174 
of the April 1946 issues. 


® PRICES and instructions for pro- 
curing advance copies of these 
Papers accompany the abstracts. 
Mail orders are advisable, par- 
ticularly from out-of-town members, 
as an adequate supply of each paper 
at the meeting cannot be assured. 
Only numbered papers are avail- 
able in pamphlet form. 


@® COUPON books in five-dollar 

denominations are available for 

those who may wish this convenient 
form of remittance. 


® THE PAPERS regularly ap- 
proved by the technical program 
committee ultimately will be pub- 
lished in “Transactions”; many will 
appear in “Electrical Engineering.” 


(6). Student activities 


Other activities 


2:00 p.m. Conference on Section Oper- 
ation and Management— 
Larger Sections 


A. C, Muir, presiding 
2:00 p.m. Conference on Section Oper- 
ation and Management— 
Intermediate Sections 


R. M. Pfalzgraff, presiding 


2:00 p.m. Conference on Section Oper- 
ation and Management— 


Smaller Sections 


G. W. Bower, presiding 


2:00 p.m. Conference on Automatic 
Switching of Capacitor Banks 
46-106. Auromatric Controt or LARGE SyNCHRO- 


nous Conpensers. M. J. Brown, Westinghouse Elec- 


tric Corporation 


Conference on _ Electronic 


Instruments 


2:00 p.m. 


The subject of the conference on electronic instruments 
will be limited to electronic recording instruments for 
potentiometric or bridge-type measurements. A 
short history of the development of electronic recorders 
will be presented. Problems encountered in perfect- 
ing the recorders and latest improvements and de- 
velopments in the instruments will be discussed. 


Bailey Meter Company 


CP.** D-C ro A-C Conversion Systems. W. P, 
Wills, The Brown Instrument Company 


CP.** Tue Input TraNnsrORMER Prose. A. J. 
Williams, Jr., Leeds and Northrup Company 


CP.** A New Hicu Sprep ReEcorDING PoTENTIOM- 
ETER. V.L. Parsegian, C. J. Tagliabue Company 


CP.** Process Vartastes Mape AVAILABLE BY 
ExLecrronic MertuHops ror InpusTRIAL MEASURE- 
MENTS. D. H. Fuller, The Foxboro Company 


CP.** Sweep BaLaNceE Recorpers. George Kei- 
nath, R. K. Hellmann, Great American Industries, 
Inc. 


2:00 p.m. Marine Transportation and 
Electric Machinery 
46-149. ConTrot Prostems WirH Dirsei-Evectric 


SyncHronous Moror Sup Drives Propursion. E. 
Frisch, Westinghouse Electric Corporation 


46-127. Dersicn or D-C Auxmiary ConTROLLERS 
FOR MarInE SERVICE. W. Schaelchlin, Westinghouse 
Electric Corporation 

46-136. CurRENT anpD Torque or D-C Macutnes 
on SHort Circuit. T. M. Linville, General Electric 
Company 

46-157. Facrors Arrectinc InsuLATION REsISTANCE 
or Larce D-C Macuinss. J. S. Johnson, C. Weil, 
Westinghouse Electric Corporation 


2:00 p.m. Safety 


46-112. Dancerous Execrric Currents. C, F,. 
Dalziel, University of California 

46-159—ACO.* Stent Invisiste InpustriAL Haz- 
arp. S. R. Warren, Jr., University of Pennsylvania 
CP.** Sxuocx Hazarps or Low Vottace. M. M. 
Brandon, Underwriters Laboratories, Inc.; R. L. 
Lloyd, National Bureau of Standards 


Tuesday, June 25 
9:30am. Cables 


46-103. DETERMINATION OF CABLE TEMPERATURES 
By Means oF Repucep ScaLE Mopets. Andrew 
Gemant, Joseph Sticher, The Detroit Edison Com- 
pany 

46-115. F-3 Leap Attoy—An ImpRoveD CaBLe 
Sueatuinc. L. F. Hickernell, C..J. Snyder, Ana- 
conda Wire and Cable Company 


46-118. SemIcoNDUCTING SHIELDING For A-C Power 
Caste. E. J. Merrell, Phelps Dodge Copper Products 
Corporation 


46-121. Hicu-Voitracze D-C Terstinc oF RuBBER- 
InsuLATED Wire. W.N. Eddy, W. D. Fenn, Simplex 
Wire and Cable Company 


46-160. Motsrurr EquizisrituMm BETWEEN Gas SPACE 
AND Frsrous MareriAts IN ENCLOsED ELECTRIC 
Equipment. J. D. Piper, The Detroit Edison Com- 


pany 
9:30 a.m. 


46-161. 
MUNICATIONS. 
Company 
46-162. Properties AND Uses oF THERMISTORS— 
THERMALLY SENSITIVE Resistors. J. A. Becker, C. B. 
Green, G. L. Pearson, Bell Telephone Laboratories, 
Inc. 


Communication 


Systems DEVELOPMENT OF Miirary Com- 
T. R. Putnam, New York Telephone 


(Continued an next page) 
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46-163. TRANSMISSION RATING OF TELEPHONE Sys- 
tems. W. A. Codd, Stromberg-Carlson Company 


46-151. Mica Capacirors FoR CARRIER TELEPHONE 
Systems. A. J. Christopher, J. A. Kater, Bell Tele- 
phone Laboratories, Inc. 


9:30 a.m. 


46-164. OscitLaTions or A HicH-VoLTacEe SEcOND- 
ary Winpinc. A. Boyajian, General Electric Com- 
pany 

46-165. TEMPERATURE Limits For SHortT-TIME 
Over.oaps For Or-INsuLATED NEUTRAL GROUNDING 
REAcTors AND TRANSFORMERS—Part II. V. M. 
Montsinger, J. E. Clem, General Electric Company 


Electric Machinery 


46-166. Some Aspecrs or PotypHAsE Motor Dsz- 
siGN—TueE DersiGn AND PROPERTIES OF THE MAGNETIC 
Crecuir. T. C. Lloyd, H. B. Stone, Robbins and 
Myers, Inc. 


46-116. ELECTROMECHANICAL TRANSIENT PERFOR- 
MANCE OF INDUCTION Morors. C. N. Weygandt, 
S. Charp, University of Pennsylvania 


46-167. Roratinc Erectric Macuine Time Con- 
sTANTs Ar Low SpreEps. C. Concordia, General Elec- 
tric Company 


9:30 a.m. Industrial Power Applica- 
tions 
CP.** Procress Report ON INDUSTRIAL VOLTAGE 


ReQuirEMENTS. Industrial voltage requirements sub- 
committee 


CP.** Protective Devices in INDUSTRIAL PLANTS. 
L. C, Peterman, Ford, Bacon and Davis, Inc. 


46-122. Protection oF InpusTRIAL PLANTS AGAINST 
INSULATION BREAKDOWN AND CONSEQUENTIAL Dam- 
acres. H. R. Vaughan, Westinghouse Electric Cor- 
poration 


CP.** Mopern Power DistripuTion SysTEMS FOR 
Larce NowninpustRiAL Buitpincs. D. L. Beeman, 
General Electric Company 


Conference of Officers, Dele- 
gates, and Members 


2:00 p.m. 


R. M. Pfalzgraff, presiding 
Opening remarks by chairman 


OsseRvaTions ON InstITUTE Activitirs. Doctor W. 


E. Wickenden, president, AIEE 


Opportunities FoR SEcTION AcTIvITIES IN THE IN- 
DUSTRIAL Fietp, J. Elmer Housley 


District AND Section AcTIVITIEs. 
secretary, AIEE 


H. H. Henline, 


Sections CommMiTTEE Report AND Forecast. G. W. 


Bower, chairman, Sections committee 


Procress REPORT OF PLANNING AND CO-ORDINATION 
CoMMITTEE ON THE Strupy oF INsrituTE ActTriviTiEs. 
J. F. Fairman, chairman, planning and co-ordination 
committee 


(a). Technical activities subcommittee. M. D. 
Hooven, chairman 
(6). Professional activities subcommittee. T. G. 


LeClair, chairman 
Ten Minute Intermission 


Section Mempersuip Activiry AND Its RELATION TO 
THE Procress OF THE InstiTuTE. L. F, Howard, 
chairman, membership committee 


InsTITUTE FINANCE AND Irs RELATION TO THE SrEG- 
tions. W. R. Smith, chairman, finance committee 


REPORTS OF THE First YEAR OF OPERATION OF THE 
Two New InstiTuTE SECTIONS 

(a). Beaumont Section 

(6). Illinois Valley Section 


EpucaTIONAL Courses CONDUCTED BY THE SECTIONS. 
H. W. Bibber, chairman, committee on education 


AIEE Pusrications SERVICES. 
AIEE editor 


Section History. 
District 5 


G. Ross Henninger, 
M. S. Coover, vice-president, 


General Discussion 


Wednesday, June 26 


10:00 a.m. 
President W. E, Wickenden, presiding 


Annual Meeting 


Report of board of directors, H. H. Henline, secretary 
Report of treasurer, W. I. Slichter 


Reports of committee of tellers on votes for nominees 
for AIEE offices 


Introduction of president-elect, and presentation of 
president’s badge to J. Elmer Housley; response by 
Mr. Housley 


Report on Institute prizes for papers, M. D. Hooven, 
chairman, committee on award of Institute prizes 


Westinghouse centennial address, J. K. B. Hare, vice- 
president, Westinghouse Electric Corporation 


Presentation of Lamme Medal to David C. Prince, 
vice-president, General Electric Company 


Any other business that may be presented. 
President’s address: Doctor W. E. Wickenden 


2:00 p.m. Conference on Section Ac- 


tivities in Connection With 
Local Councils of Engineer- 
ing and Technical Societies 


G. W. Bower, presiding 


The purpose of this conference is to review the organi- 
zation and operation of local councils, with particular 
emphasis on the part the AIEE Sections have taken 
in this work. The three general types of local council 
organizations also will be presented by selected speak- 
ers, and the activities of these councils in their local 
areas will be discussed. This information will be valu- 
able in assisting Sections in expanding the activities of 
the councils in their local areas, and where such coun- 
cils do not now exist, will assist the Sections in forming 
councils. 


An open discussion will be featured after the présenta- 
tion of each speaker. : 


2:00 p.m. Power Generation 

46-144. ImpROVEMENTS IN PERFORMANCE OF HyprRo- 
ELECTRIC GENERATING Units ON THE 2;000,000- 
Horsepower SaGuenay System. F, L,~ Lawton, 
Aluminum Company of Canada, Ltd. 


46-108. TENNESsEE VALLEY Auruoriry HypRorLec- 
TRIc STATIONS—ELECTRICAL AND MECHANICAL Dr- 
sign. R, A. Hopkins, H. J. Petersen, Tennessee 
Valley Authority 


46-152. Moprern Excrration SystTEMS FoR LARGE 
Syncuronous Macuines. J. B. McClure, S. I. 
Whittlesey, M. E, Hartman, General Electric Com- 
pany 

46-154. Tue DeveLopment or Moprern ExciraTion 
SysTeMs For SYNCHRONOUS CONDENSERS AND GENERA- 


rors. F, M. Porter, J. H. Kinghorn, American Gas 
and Electric Service Corporation 


2:00 p.m. 


46-168. 
FORMERS, 


46-169. Prorection or PowrerHousE AUXILIARIES. 
An AIEE Committee Report 


46-109. Fautr Location AND RELAY PERFORMANCE 
ANALysis By AUTOMATIC OscILLOGRAPHS. H. P, 
Dupuis, W. E. Jacobs, The Commonwealth and 
Southern Corporation 


Relays 


Low-Current SECONDARY CurRENT TRANS- 
An AIEE Subcommittee Report 


AIEE Summer Convention, 


46-83. OPperaTING ExpPERIENCE WirH DisTANCE 
Grounp Retays. W. A. Walfe, Kansas Gas and 
Electric Company 

2:00 p.m. Conference on Arc Welding 
CP.** Power REQguirREMENTS FOR D-C Arc WELDERS. 
R. F. Wyer, R. C. Freeman, General Electric Com- 
pany 

CP.** Apprication or LimireD Input ARc WELDERS 


To THE Power DisrrrsuTion System. C. N. Clark, 
Duquesne Light Company 


CP.** Luorrep Inpur Arc Wetpers. E, Steinart, 
Westinghouse Electric Corporation 


2:00 p.m. Servomechanisms 


46-113. Execrricat Accuracy oF SELSYN GENERA- 
TOR—CONTROL TRANSFORMER SysTEM. Harold Chest- 
nut, General Electric Company 


46-114. THe Frequency Response oF AUTOMATIC 
Conrrot Systems. Herbert Harris, Jr. Sperry 
Gyroscope Company, Inc. 


46-107. Paratiet Circurrs 1n SERVOMECHANISMS. 
H. T. Marcy, Massachusetts Institute of Technology 


46-150. Diensiontess ANALYsIs SERVOMECHANISMS 
By Execrrica, AnaLocy. S. W. Herwald, G. D. 
McCann, Westinghouse Electric Corporation 


Thursday, June 27 


9:30a.m. Protective Devices 


46-134. AppLicaTION Ratincs or INDooR POWER 
Circurr Breakers. O. B. Vikoren, Philadelphia 
Electric Company 


46-170. PERFORMANCE CRITERIA FOR CurRENT Limit- 
ING Power Fuses—I. C, L. Schuck, General Electric 
Company 
46-171. 


Limitinc Power Fuses—II. 
Electric Company 


46-172. PuttosopHy or Retayinc. E. W. Knapp, 
B. C. Hicks, The Shawinigan Water and Power 
Company 

46-173. Srwpiciry In Protecrive Rerayine. L. F. 
Hunt, Southern California Edison Company, Ltd. 


PERFORMANCE CRITERIA FOR CURRENT 
E. W. Boehne, General 


9:30 a.m. 


46-105. Inpuctrve Co-orpinaTion Aspects oF REc- 
TiFIER INsTaLLaTions. An AIEE Subcommittee 
Report 


Electronic Power Conversion 


Standard Report 6. Proposep STANDARDS FOR Poor- 
CaTHopE MeErcury-Arc POWER CONVERTERS. An 
AIEE Subcommittee Report 


1.000 Section. Derrinrrions. Presentation by H. 
Winograd 
2.000 Section. SranpaARps. Presentation by C. C. 
Herskind 


3.000 Section. 


4.000 Section. 
ING GuIDE. 


Test Cope. Presentation by J. H. Cox 


RECOMMENDED PRACTICE AND OPERAT- 
Presentation by R. C. Marcum 


5.000 Section. RectirteR TRANSFORMERS. 
tion by E. V. DeBlieux 


Presenta- 


Discussion of ‘‘Proposed Standards Pool-Cathode 
Mercury-Arc Power Converter.” I. R. Smith repre- 
senting the subcommittee on metallic rectifiers, 
D. E. Marshall representing the Institute of Radio 
Engineers. Discussion by other groups or individuals 
will be welcomed. 


9:30 a.m. 


46-130. Dynamic Braxinc Controt or D-C Series 
Morors—Catcu.aTion or Staniviry Limir. G. W. 
Heumann, W. P. Smith, General Electric Company 


Industrial Control Devices 


Zye 
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9:30 a.m. 


{ of 
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Stuicone-Resin-TREATED Macner Corns. 
G. L. Moses, Westinghouse Electric Corporation; 
j. _ J. Torok, Corning Glass Works 


46-126. FUNDAMENTAL Peoeueetes OF THE VACUUM 


, Swircu. R, Koller, University of California 


46-125. An ELEcTRoNIc Drive ror Winpup REELs. 
K. P. Puchlowski, Westinghouse Electric Corpora- 
tion = 


Basic Sciences 


46-110. Tue INFLUENCE OF THE CONCENTRATION AND 


_ Mosmuty or Ions on Dretectric Loss or INSULATING 


Ons. B. P. Kang, E. I. duPont de Nemours and 
Company 
46-120. Necative Resistance Errects IN SATURABLE 


Reactor Circuits. J. M. Manley, E. Peterson, Bell 
Telephone Laboratories, Inc. 


46-128. A New ApproaAcH To PropasiLity PRos- 
LEMS IN ELEctricaL ENGINEERING. H. A. Adler, 
Commonwealth Edison Company; K. W. Miller, 


Armour Research Foundation 


46-119. FormuLas For CALCULATING THE INDUCT- 
ANCE OF CHANNELS LocaTeD Back To Back. W. G. 
Schwantz, Commonwealth Edison Company; T. J. 
Higgins, Illinois Institute of Technology 


46-111. A Fractionat TERMINATION FOR LADDER 
Networks. W. R. LePage, Stromberg Carlson Com- 
pany. Presentation by title 


Industrial Power 
tions 


9:30 a.m. Applica- 


46-153. Low-Reacrance FLEXIBLE CABLE FOR IN- 
puction Heatinc. Myron Zucker, Mackworth G. 
Rees, Inc. . 


46-124. Dersicn or Inpuctrion-HeatTinc Corts FoR 
CyuinpricaL Macnetic Loaps. J. T. Vaughan, 
J. W. Williamson, The Ohio Crankshaft Company 


46-132. Execrronic Recisrer Controt ror Muttr- 
cOLor Printinc. W. D. Cockrell, General Electric 
Company 

CP.** APPLICATIONS IN THE RusBBER INDUSTRY. 
Jj. Z. Linsenmeyer, Westinghouse Electric Corpora- 
tion 


10:00 a.m. Conference on Student Ac- 


tivities 
E, W. O’Brien, presiding 
This conference will deal with Student Branch prob- 
lems, particularly as related to the postwar problems 


in connection with the resumption of normal activity 
by the Branches. 


2:00 p.m. Conference on Section-Branch 
Co-operation 


A joint activity of the committee on Student Branches 
and the Sections committee 


Professor V. P. Hessler, presiding 
Opening remarks by the chairman 


Basic OprortuniTies OF SECTION—BRANCH CO-OPERA- 
tion. E. W. O’Brien, chairman, committee on Stu- 
dent Branches 


Tue Pxran or Secrion—BrancH Co-opERATION. 
G. W. Bower, chairman, Sections committee 


Presentation by selected speakers of typical examples 
of Section—Branch co-operation 


A Loox Into THe Future As A Resuit or SECTION~ 
Brancu Co-operation. Everett S. Lee, chairman, 
Engineers Council for Professional Development 


An open discussion after each presentation will be a 
feature of this conference 


In addition to the Section delegates, chairmen of the 
District committees on Student activities, counselors, 
Student Branch officers, and all other members in- 


Detroit, Mich., ‘Jane 24-98, 1946 (continued) 


we 


terested in student activities are invited tg attend and 
participate in the discussion 


' 


Friday, June 28 i 


7 
9:30 a.m. Power Transmission 


46-175. Co-orDINATION oF INSULATION AND SPACING 
or Transmission-LinE Conpucrors. 
General Electric Company 


46-117. Tue ExecrricaL PerroRMANCE oF CERAMIC 
Drevectrics at ELEVATED TEMPERATURES. H. A. 
Frey, J. A. Jesatko, Locke Insulator Corporation 


46-123. THe PRESERVATIVE TREATMENT OF VARIOUS 
Species PRoposep FOR PoLtes AND Crossarms. J. D. 
MacLean, Forest Service, United States Department 
of Agriculture 


46-174. Carrier SuPERVISORY CONTROL OF PUMPING 
Station Over Power Caste. W. A. Derr, W. A. 
Keller, Westinghouse Electric Corporation; H. A. W. 
Hedke, United States Sugar Corporation 


46-176. Stx-Years’ Experience WirH Facrory- 
Burtt Unit Tyre Sussrations. E, F. Miller, R. B. 
Miller, Iowa—Illinois Gas and Electric Company 


9:30 a.m. Electronic Tubes and Basic 
Circuits 
46-139. Recrirmer Capacity. C. C. Herskind, H.C. 


Steiner, General Electric Company 


46-143. NonLINEAR CoMMUTATING REACTORS FOR 
Reotiriers. A. Schmidt, Jr., General Electric Com- 
pany 

46-146. Crrcurr Cusnionine or Gas-Fittep Griv- 


Controu REcTIFIERS. 
Electrons, Inc. 


46-138. ExcrraTion, CONTROL, AND COoOoLING OF 
Icnrrron Tuses. C. C. Herskind, E, J. Remscheid, 
General Electric Company 


D. V. Edwards, E. K. Smith, 


W. W. Lewis, — 


. General Electric Company 


46-140. A 400-AmpERE SEALED Tomraom, 
Steiner, H.N. Price, General ASG peal Yo ? 


9:30 a.m. 


46-131. InvestTiGATION OF PoRGELAIN INSULATORS AT 
Hicu Autirupes. C. V. Fields, C. L. Cadwell, 
Westinghouse Electric Corporation 


46145, “Suorr-Tom Consent RaAzinos vor Atn- 
crRAFT WIRE AND CABLE. B. W. Jones, J. A. Scott, 


Air Tieenenpr ation 


46-148. A Unique Encine Syncuronism InpICcATOR 
ror ArircrarT. D. B. Pearson, General Electric 
Company 


46-129. Exrecrronic Controt or Frequency Con- 
VERTER Sets FoR TEsTING AircrAFT MopeELs. G. W. 
Heumann, W. F. Strong, General Electric Company 


46-85. Erecrric EQuIpMENT FOR CORNELL VARIABLE- 
Denstry Winp Tunnet. C. C. Clymer, M. A. 
deFerranti, General Electric Company. Presenta- 
tion by title 


46-87, RADIOTELEMETERING FOR TESTING AIRCRAFT 
in Fuicut. C. L, Frederick, Cornell Aeronautical 
Laboratory. Presentation by title 


9:30a.m. Conference on Management 


and Quality Control 


This conference is sponsored by the subcommittee on 
applications of statistical methods of the Standards 
committee, Several papers will be presented dealing 
with plant organization for quality control and 
methods of presenting results to management. 
Several outstanding executives also will discuss quality 
control from the point of view of management. 


CP.** SraristicAL Quatiry Conrroc—A Too. oF 
MaAnaGEMENT. T. D. Foy, General Electric Company 


*ACO: Advance copies only available; not intended 
for publication in Transactions. 


**CP: Conference paper; no advance copies are 
available; not intended for publication in Transactions 


Interior view of the Edison Museum, Detroit, Mich., showing locomotive exhibit 
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Dae Systems Baty Communications — 
Chief Drawing Cards at Buffalo Meeting 


As might have been expected from that 
populous District, the three-day meeting of 
the North Eastern District held at the 
Hotel Statler, in Buffalo, N. Y., April 
24-26, 1946, developed into the best-at- 
tended of the spring District meetings. 
However, the total registration of 439 was 
by no means the highest attained at a 


_ North Eastern meeting, as is evident from — 


the table comparing registrations of former 
years. ‘ 
Nine technical sessions, including a stu- 
_ dent session, important luncheon and com- 
mittee meetings, a banquet, preceded by a 
social hour, and a smoker were held. Al- 
ternative inspection trips were taken to 
nearby industries, including a visit to the 
Westinghouse Motor Works or the Cornell 
Wind Tunnel and the hot strip mill of the 
Bethlehem Steel Company, where “‘flying 
shear’ takes place. Another trip was to 
the C. R. Huntley Steam Generating Sta- 
tion and the Bell Aircraft Plant at Niagara 
Falls Airport, where several members were 
taken up ina helicopter. A principal event 
for the women who attended the meeting 
was a trip to Niagara Falls, which included 
visits to scenic spots along the frontier and 
a social hour and dinner, after which the 
illumination of the falls was viewed. 


TECHNICAL SESSIONS 


Most popular among the nine technical 
sessions were those on power systems, com- 
munication and war developments, and 
transmission and distribution, in the order 
named. Attendance at the opening session 
on power systems reached 200. The service 
record of a 1,000-kva mobile substation, 
electrical-mechanical features of the Jen- 
nison steam station, southeast emergency 
and power pooling in 1941, and automatic 
control of large synchronous condensers 
were the subjects of papers presented and 
discussed. R. T. Henry (F ’33) vice-presi- 
dent of the North Eastern District, and W. 
S. Hill (M’35) chairman of the technical 
program committee presided. 

A technical session on aircraft naturally 
aroused a great deal of interest in Buffalo, 
the home of several large aircraft manu- 
facturers. The session was opened by pre- 
siding officer, D. R. Shoults (M ’42) vice- 
president of sales, the Bell Aircraft Corpora- 


North Eastern District Meeting Attend- 
ance 1936-46 


Attend- 
Date Location ance 
1946—Apr. 24-26....... Buftalo; N.Y ies 439 
1944—Apr. 19-20....... Boston, Mass........630 
ASAD A Di O— 9s 4: «\2:8.< shee Pittsfield, Mass... ...319 


1942—Apr. 29-May 1.. 
1941—Apr. 30—May 2.. 


.Schenectady, N. Y.. .481 
-Rochester, N. Y...... 355 


1939——Mayi omens « «12 Springfield, Mass..... 439 
1938—May 18-20....... Lenox, Mass.........417 
1937 May Sait. BuffalopiNe Yo... 07. 1352 
193 6——-Miay 16-20 )stelsieteteiersss New Haven, Conn.. . 310 
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tion, who introduced the first speaker, 


Doctor C. C. Furness, director of the Cor- 
nell Aeronautical Laboratory. 
Furness briefly outlined the organization 
and objectives of the laboratory which 
came into being January 1, 1946, with the 
gift by the Curtiss-Wright Corporation of 
the physical facilities of its airplane division 
research laboratory at Buffalo to Cornell 
University. Generous contributions to a 
working capital fund which assures the 
sound and continuing operation of the lab- 
oratory also were received from the Avia- 
tion Corporation, Bell Aircraft Corpora- 
tion, Fairchild Engine and Airplane Cor- 
poration, Grumman Aircraft Engineering 
Corporation, Ranger Aircraft Engine Cor- 
poration, Republic Aviation Corporation, 
and the United Aircraft Corporation. 

The Cornell Graduate School of Aero- 
nautics regards the laboratory as the train- 
ing ground for its advanced students in re- 
search and specialized instruction, Doctor 
Furness said. He explained that a realistic 
approach to airplane research requires a 
relatively large organization. ‘‘Not only 
must there be research and development on 
the airplane and its functioning as a whole,” 
according to Doctor Furness, “‘but there 
must be continuing parallel work on the 
individual components, materials, and 
auxiliary devices. The research and ,de- 
velopment work of the Cornell laboratory 
is carried on by eight departments. Five 
of these: aerodynamics, structures, flight 
research, materials, and physics are the re- 
search division. ‘The other three depart- 
ments: development engineering, arma- 


‘ment, and manufacturing constitute the 


development division. Thus the facilities 
and programs are such that a project can 
be carried from the basic research phase, 
through the stage of the first working 
prototype in the research division, and then 
on through the pilot-manufacturing stage 
in the development division shop. The 
results of the laboratory’s research are to 
be made generally available to the public 
except where national security demands 
secrecy for some Government projects. 
Similarly, projects which are being sup- 
ported directly by a company or groups of 
companies are kept confidential. 


After Doctor Furness’ address, papers 
were presented which described the elec- 
tric equipment of the wind tunnel, the 
modern six-component wind tunnel bal- 
ance system, and radio telemetering for 
testing aircraft in flight. The last paper 
presented dealt with dive testing aircraft 
by radio control. By courtesy of the Bell 
Aircraft Corporation a restricted colored 
motion picture of the equipment and flight 
of a jet-propelled plane directed by robot 
control for testing was shown. The tele- 
metering equipment was designed by 
Princeton University and the National De- 
fense Research Council. 

Other sessions were held during the meet- 


Institute Activities 


Doctor 


Nonteghnlcal pro ler 
the AIEE but c 
were the focal 


ca to. oes qui 
nical or social changes v 
dence that many engineering me 


engineering societies and 200,000 m 


bers was presented, and it was noted aa 


| 


the National Labor Relations Act likewise 


has introduced new problems, particularly — 


as they affect the younger members of the 
profession. The degree of leadership which - 
the AIEE should exercise in technical 
fields represented another debatable ques- 
tion. 

The recent work of the AIEE committee 
on planning and co-ordination which is 


concerned with these problems was sum-_ 


marized by W. S. Hill, representing the 
committee. In his presentation of the sub- 
ject Mr. Hill called attention to the greatly 
expanded operations of the AIEE with their 


accompanying new problems, and it was~ 


evident that reanalysis of the over-all 
operations is desirable in view of the chang- 
ing character of industrial operations since 
the early days of the Institute. Mr. Hill 
outlined the technical activities subcom- 
mittee work which had been done under 
M. D. Hooven (F 44) and advanced the 
committee’s proposals for improving the 
technical presentations, for obtaining wider 
publication of technical data, and for im- 
proving technical committee work. Re- 
prints of the professional activities suabcom- 
mittee’s report (EE, Apr °46, pp 169-73) were 
distributed as well as a questionnaire on 
the four plans contained therein. Those 
at the luncheon were requested to give the 
problem careful study and return them to 
the committee. Representatives of many 
local Sections throughout the District and 
of adjacent Districts who were present were 
urged to initiate local discussions of the 
problem and were given additional copies 
of the report and questionnaire for distri- 
bution. 

President W. E. Wickenden, in giving his 


Analysis of Registration at Bufflalo 


Niagara Other 

Frontier District Dis- 
Classification Section 1* tricts Totals 
Members ers co 5. 005 65 OS acsinten! 1 & Sees Baie care 293 
Student Mem- 

DGYck ei acces Lanes Diccws Ga ccctass 16 
Men guests....... Dias ne ote OO earuare LT Serie 114 
Women guests... .. Verena a th ters SS tities 16 

BELO TANS ci tvars vi ce Mes 164 ee ae TW65%n ac TOC eer 439 
* Outside Buffalo. ° 
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_views, Nemeried upon the interest in AGS 
neering” circles which had been awakened 
through the activities of the planning and 
*: vidual efforts in the other societies. He 
4 expressed the belief that there is real vigor 
_ behind this general movement and that the 
a _ participation in it by engineers in other 
_ branches of the profession indicates equal 
4 interest. Because engineers generally have 
a collective capacity for moulding an im- 
portant portion of the economic order, he 
a is of the opinion that engineers, chemists, 
_ metallurgists, and other professional men 
: ought to recognize their social responsi- 
bility and become a powerful collective in- 
fluence in the professional and intellectual 
life of the country. 
He spoke of the most successful technical 
__ work which the AIEE has done and is con- 
_ tinuing to do, and the success of the AIEE 
_ in creating fellowship among engineers. 
| He looked with concern on the increasing 
_ fragmentation occurring in all engineering 
_ societies and on the disordered confusion 
_ which frequently is apparent when the pro- 
_ fession as a whole tries to express its views 
_, on professional matters. 
' Doctor Wickenden also mentioned briefly 
the work of the Engineers Joint Council 
which has taken a definite stand on several 
matters of national interest, particularly 
with reference to future military security 
and the demilitarization of German and 
Japanese industry. 


DISTRICT EXECUTIVE COMMITTEE 
LUNCHEON 

Reports of Branch and Section activity 
were made to the District executive com- 
mittee luncheon at noon on Monday, and 
preliminary plans for next spring’s meeting 
in Worcester, Mass., and for holding a 
summer convention in the District, possibly 
in 1950, were formulated. R.'T. Henry 
presided at the luncheon. 

The Ithaca Section has devised a plan 
for holding meetings successively in three 
centers of membership, Ithaca, Elmira, and 
Binghamton. The Niagara Frontier Section 
in co-operation with the Toronto Section 
has successfully promoted Subsection meet- 
ings with attendance from both the United 
States and Canada. Courses in electronics 
at a fee of $5 to members and $10 to non- 
members also have been offered by this 
Section. The Boston Section reported a 
negative response to its efforts to establish 
a Subsection in that part of New Hampshire 
falling within its jurisdiction. The New 
Hampshire members preferred the advan- 
tages of meetings in Boston. Of the 14 
Student Branches in the District 14 are 
holding regular meetings, and all but one 
are organized to resume activity. 

After some discussion of the subject it was 
agreed that local membership was both 
necessary and desirable in order to serve 
men of every caliber with interests in AIEE, 
and also to assist the financial program. 
Several Sections declared that this was a 
prime source for national members. The 
plan followed by the Boston Section is to 
limit local membership to three years, 
after which a man either must become a 
national member or must enter the Engi- 
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co-ordination committee and similar indi- 


' Annual Meeting 


The annual meeting of the Ameri- 
can Institute of Electrical Engineers 
will be held at the Hotel Statler, 
Detroit, Mich., at 10 a.m. Wednes- 
day, June 26, 1946. 

At this meeting, the annual report 
of the board of directors and the re- 
port of the committee of tellers on the 
ballot cast for the election of officers 
will be presented. The Lamme 
Medal will be presented to David C. 
Prince (F ’26), and awards of Insti- 
tute prizes will be announced. 

Such other business, if any, as 
properly may come before the annual 
meeting may be considered. 


(Signed) H. H. HENLINE 
Secretary 


neering Society of New England as a mem- 
ber-at-large. 

The Massachusetts Sections have been 
reminding their members that the ‘tgrand- 
father clause” of the Engineering Regis- 
tration Law expires January 9, 1947, and 
that engineers whose needs eventually will 
require licensing should apply soon. 

Present at the luncheon were Victor 
Siegfried (M ’38) secretary of District 1; 
H. H. Henline, AIEE secretary, and C. L. 
Dawes (F’35) representing R. G. Porter 
of the committee on student activities. 
Representatives of the various Sections were 
as follows: Boston—F. S. Bacon, Jr., T. S. 
Gray; Connecticut—V. J. Hayes, E. G. 
Horton; Ithaca—E. M. Strong, W. H. 
Erickson; Lynn—C. B. Fontaine, M. A. 


Princi; Niagara Frontier—J. M. Geiger, 
J. D. Hershey; Pittsfield—J. C. Russ; 
Providence—C. H. Parker; Rochester— 


W. Criley; Schenectady—P. H. Light, 
B. H. Caldwell, R. V. Shepherd; Syracuse 
—C. E. H. von Sothen, L. J. Audlin; Wor- 
cester—A. L. Duna. 


STUDENT CONFERENCE 


Presentation of two prize-winning papers 
and an address on ‘‘Development Within 
the Profession,’’ by Everett S. Lee (F ’30) 
General Electric Company, Schenectady, 
N. Y., made up the program of Friday’s stu- 
dent conference and technical meeting. 

First prize of $15 for a student paper was 
awarded Thomas M. McCaw of Worcester 
Polytechnic Institute for his paper, ‘‘An 
Exposure-—Color Temperature Meter.” 
The meter, developed by Mr. McCaw to 
enable the color photographer to correct 
for the color temperature of light sources, 
depends on the interaction of two photo- 
electric cells, one red sensitive and the 
other blue sensitive. When exposed to 
light with a given color temperature, each 
will show a response, and the response of 
red to blue can be expressed as a ratio. 
The meter, however, has not been reduced 
to a physical size comparable with existing 
photoelectric exposure meters. 
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é Second prize of $10 went to Henry Har- 
per and Thomas E, Talpey of Cornell Uni- 
versity for their paper, ‘‘Representation of 
Vectors on a Cathode-Ray Screen.” The 
paper was presented by Mr. Talpey who 


‘described a method whereby a vector can 


be represented on a cathode-ray screen, its 
length proportional to the magnitude of the 
current or voltage it expresses, and its in- 
clination to the horizontal proportional to 
the phase difference between it and some 
reference voltage of the same frequency. 
The method obviates the considerable 
amount of data and computations involved 
in plotting of the locus of a vector. 

An interesting discussion among the ap- 
proximately 40 students attending the con- 
ference followed each paper. Among the 
chairmen of Student Branches who attended 
were: R. W. Carpenter, Brown Univer- 
sity; A. D. Sutherland, Cornell Univer- | 
sity; Richard Harris, Northeastern Uni- 
versity; Aubrey Mitchell, Rensselaer Poly- 
technic Institute; J. W. Vorndran, Union 
College; and G. D. Keppert, Worcester 
Polytechnic Institute. 

In his address to the students, Mr. Lee 
stressed the importance of affiliation with a 
national engineering society to an engineer 
who wished to extract the fullest benefits 
and chance for development from his pro- 
fessional life. Association with societies 
with more specific technical interests should 
and probably would come later in their 
careers, Mr. Lee told the students. In the 
same way he assigned affiliation with soci- 
eties concerned with the engineer’s relation- 
ship to society as a whole to a necessary but 
later stage in the career of the young engi- 
neer. He urged the students to set about 
planning to become registered engineers as 
soon as their state laws will allow. He ad- 
vised them as citizens to become acquainted 
with their representatives in local, state, 
and federal bodies. As it is a problem with 
which they would be confronted upon en- 
tering industry, he also advised that the 
students study the material that has been 
collected and published on collective bar- 
gaining by the technical societies. 

Professor R. G. Porter (F ’44) of North- 
eastern University, chairman of the 
District committee on student activities, 
presided at the session. 


SOCIAL EVENTS 


An informal banquet preceded by a 
cocktail hour was held on Wednesday 
evening in the ballroom of the Hotel 
Statler. The principal speaker was the 
Honorable Orlo M. Brees, member of the 
New York State Legislature, whose subject 
was ‘‘The Secret of Happiness.” R. R. 
McLeod, vice-president of the Buffalo Niag- 
ara Electric Corporation, was toast-master. 

On Thursday evening a dinner and 
smoker was held in the Niagara Room. 
President Wickenden greeted the assem- 
blage and commented on the good fellow- 
ship at the gathering, as well as that which 
exists between the 25,000 members of the 
Institute. Entertainment in the form of 
card tricks was provided by Mitchell 
MacDougall. Ted Rust gave a number of 
interesting ventriloquist demonstrations. 
G. M. Pollard (M ’34) acted as toastmaster. 
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Conference Hears Advantages 


of Statistical Quality Control 


A well-attended conference, held April 
25 at the North Eastern District meeting, at 
which five speakers presented methods and 
results of statistical quality control is re- 
ported by P. L. Alger (F ’30) of the General 
Electric Company, whose long-standing in- 
terest in the subject has been reflected in 
his efforts at promoting conferences and 
providing material for Electrical Engineering. 

In opening the conference the chairman, 
Professor M. A. Brumbaugh of the Uni- 
versity of Buffalo, cited the growing im- 
portance of statistical methods throughout 
industry and recommended the series of 
educational articles currently appearing in 
Electrical Engineering as a good introduction 
to the subject. 

Joseph Manuele (M ’44) of Westinghouse 
Electric Corporation, outlined the pro- 
cedure for initiating the use of modern 
quality control methods in quantity pro- 
duction. He explained the value of using 
a scientific sampling procedure, with careful 
measurement of each piece in the sample 
lot, to supplement or replace the old- 
fashioned 100 per cent inspection methods. 
In this way the average quality of inspected 
lots can be maintained at the desired level, 
and the risk of any given lot containing a 
greater than normal number of defectives 
always is known. Supplementing these 
sampling procedures by control charts at 
critical points in the production process, 
and backing them up by corrective action 
of engineers and planners, yield large divi- 
dends in reduced inspection costs and time 
saved, as well as in a higher quality. 

He stated further that the production in- 
centives of piece work rates can be supple- 
mented by incentives to quality mainte- 
nance, if operators are provided with ade- 
quate gauges and devices for checking their 
own work. Allowance in the piece rates for 
this inspection time should be made, and 
operators then should be required to re- 
place defective parts on their own time. 
In this way a single inspector who makes 
first piece inspections, checks samples from 
time to time, and gives help when needed, 
has maintained good quality in a section 
with as many as 67 production workers. 

A. VY. Feigenbaum, General Electric 
Company, described the separate steps of 
organizing a quality control program, and 
assuring co-operation of inspection, testing, 
and planning, as well as engineering and 
manufacturing heads. He stressed the 
need of teamwork in obtaining the desired 
quality in the most economical way. As 
examples of successful work, he described 
the methods used in producing aircraft 
voltage regulators and reverse current re- 
lays, where manufacturing losses and in- 
spection costs were both reduced by one 
third in a four-month period, with even 
greater reductions in field troubles. 

D. C. Stewart (M’35) Buffalo Niagara 
Electric Corporation, presented a statistical 
analysis of safety records in the light and 
power industry, showing that significant 
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differences in company methods of accident 
prevention are indicated when the accidents 
of a particular company depart from the 
industry average by more than twice the 
standard deviation. He showed curves of 
total accidents, time lost, and fatalities 
plotted against millions of man-hours 
worked, which showed that better records 
generally were achieved by large companies 
with well-organized safety procedures. 

E. H. Schneider (A’43) and J. M. 
Jesatko (A’41), Locke Insulator Corpora- 
tion, cited a 40 per cent reduction in rework 
and an over-all saving of $6 per man hour 
spent on statistical quality control secured 
by application of these methods in insulator 
manufacture. Control charts of materials 
obtained from different vendors are main- 
tained, as well as for critical factory proc- 
esses; and field complaints have been 
greatly reduced. 

A, J. Winterhalter, Colonial Radio Cor- 
poration, compared the performance in 
manufacture of a certain radio receiver 
before and after use of statistical quality 
control methods. Production was well 
stabilized on an apparently satisfactory 
basis, using the old inspection methods, in 
October 1943. At that time statistical 
methods were introduced. By January 1, 
1944, the defects had been reduced 16 
per cent, by June they were down 43 per 
cent, and by December 1944, they were 
53 per cent lower than at the start. A 
recent attack on the particularly trouble- 
some problem of soldered joints lowered the 
rework level in the past six months from 
33 per cent to 13 per cent, with the sharp 
downward trend still continuing. Mr. 
Winterhalter also cited tests indicating that 
the average inspector on 100 per cent in- 
spection work finds only 60 to 70 per cent 
of the defects, and many find even less; 
whereas with the more careful attention 
given to samples and the aid of statistical 
methods, a very much higher fraction of 
the defects is discovered. 

In the discussion several speakers gave 
figures showing that 100 per cent inspection 
cannot be relied upon to eliminate defects, 
and that modern sampling methods with 
adequate first piece and process inspection 
are far superior. It was pointed out that 
statistical measures of the performance of 
individual operators, inspectors, and ma- 
chines are proving very valuable in train- 
ing and selection programs for workers, as 
well as in maintenance and replacement 
programs for equipment. 


Future AIEE Meetings 
Pacific Coast Convention 
Seattle, Wash., August 27-30, 1946 


Great Lakes District Meeting 
Fort Wayne, Ind., September 25-27, 1946 


————————— = = 
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STANDARDSec ee 


Sixth Report Submitted on 
AIEE Aeronautical Standards 


The progress made in aeronautical elec-- 


trical standards work since the fifth prog- 
ress report (EE, Apr’46, pp 173-4) and the 
status of AIEE participation as of April 
24, 1946, are summarized herewith. 


Aircraft Electrical Systems Subcommittee 
(Chairman, R. H. Kaufmann [M’41]). 
An additional section of the proposed report 
on “Aircraft Electrical Systems’? has been 
completed in preliminary form, and every 
effort is being made to complete the other 
sections as soon as practicable. 


Aircraft Electric Rotating Machinery Sub- 
committee (Chairman, M. L. Schmidt 
[M ?43]). A comprehensive draft of a 
“Test Code for D-C Machines” has been 
edited and distributed to subcommittee 
members for review. This subcommittee 
expects to have a report ready for submis- 
sion to the air transportation committee in 
June. 


Aircraft Electric Control and Protective De- 
vices Subcommittee (Chairman, R. A. Miller- 
master [M ’34]). This group is main- 
taining contact with various developments 
in the field of aircraft electric control and 
protective devices. It expects to hold a 
meeting when the work of certain other 
groups makes such feasible. 


Aircraft Wire and Cable Subcommittee 
(Chairman, W. S. Hay). The paper 
‘Short Time Current Ratings for Aircraft 
Wire and Cable” by J. A. Scott (M ’34) 
and B. W. Jones (M’43) has been scheduled 
for presentation and discussion at the AIEE 
summer convention in Detroit. The effect 
of groupings of cables, proximity to other 
equipment, high altitudes, and so forth will 
need to be studied to carry the analysis of 
wire and cable application on to a full 
conclusion. 


Aircraft Carbon Brush Subcommittee (Chair- 
man, V. P. Hessler [F °43]). Subcom- 
mittee members are preparing material and 
recommendations concerning specific items 
of the ‘‘Proposed Test Code for Aircraft 
Carbon Brushes,” and a meeting is to be 
held in June to discuss a revision of the 
Summers-Stauffer report and to prepare 
a draft of the proposed test code for general 
distribution. 


Subcommittee for Basic Principles of Altitude 
Rating (Chairman, W. E. Pakala [M ’45]). 
The air transportation committee has set 
up a new subcommittee under the chair- 
manship of W. E. Pakala, Westinghouse 
Electric Corporation, East Pittsburgh, Pa., 
to develop an AIEE Standard covering the 
basic principles of altitude rating of aircraft 
electric machinery. Mr. Pakala is anxious 
to learn of persons who can contribute in- 
formation or experience and to know of 
facilities that can be made available for 
experimental work. AIEE Standards co- 
ordinating committee 1 (P. L. Bellasch 
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Sharon, Pa., chairman) is concerned with 
_the general subject of altitude ratings. 


Electric Equipment Safety. It has been 
decided not to form an air transportation 
ieee on this subject. It is under- 
_ stood that the Civil Aeronautics Admini- 
stration is starting an extensive investiga- 
_ tion of airplane fire control methods and 
» related matters. 


a Aircraft D-C Apparatus Voltage Ratings 
_ (AIEE 700). ‘This report on a proposed 
Standard has been on a trial basis for over 
_ one year and soon will be circulated by the 
_ AIEE air transportation committee for 
_ review as a possible full Standard. 


__ NASC—Standard Method of Electrical Load 
— Analysis for Aircraft (Chairman, K. R. 
Smythe [M ’44]). Comments concern- 
ing the “Standard Method of Electrical 
Load Analysis for Aircraft”? have been sum- 
_ marized and circulated to various interested 
_ persons. The Army Air Forces is now pre- 
paring tentative AN “Specification for 
_A-C Load Analysis.” WCAB is now pre- 
_ paring AN “Specification for D-C Load 
Analysis.”’ 


SAE Committee A-2, Aircraft Electric 
Equipment (Chairman, Edmund Thelan). 
The work of this committee was very ably 
piloted by C. C. Shangraw during the war 
period. He has found it necessary to resign 
‘the chairmanship because of the press of 

other work and Edmund Thelan, Eclipse- 
Pioneer Division, Bendix Aviation Corpora- 
tion, Teterboro, N. J., has accepted the 
responsibility. This committee plans to 
reconsider present aircraft electrical stand- 
ards in the light of new peacetime applica- 
tions and to introduce new specifications 
where necessary. 


Standard Corrected. The following errata 
are to be noted in AIEE Standard 45, 
‘“‘Recommended Practice for Electric In- 
stallations on Shipboard.”? Under “‘Third’’ 
in Sections 18.65, 18.67, 18.69, 18.81, 
18.83, 18.85, change 0.136 inch to 0.115 
inch. Errata sheets for insertion in the 
1945 edition of the Standard can be ob- 
tained by writing to AIEE headquarters, 
33 West 39th Street, New York 18, N. Y. 


Telemetering Subcommittee 
Prepares Questionnaires 


The joint subcommittee on telemetering, 
in connection with its assignment to revise 
the 1941 AIEE report, ‘‘Telemetering, 
Supervisory Control, and Association Cir- 
cuits,’ has prepared a questionnaire on 
telemetering apparatus and systems. ‘This 
questionnaire, designed to obtain the basic 
data necessary to make an authoritative 
revision, has been mailed to the industry 
with as broad a distribution as the knowl- 
edge of the committee permitted. It is 
requested urgently that any manufacturer 
or distributor of such apparatus who has 
not received this questionnaire apply to 


June 1946 


(F°40) Westinghouse Electric Corporation, 


AIEE headquarters, 33 West 39th Street, 
New York 18, N. Y., for copies. — 5 


A similar questionnaire on supervisory 


control systems is in the course of prepara- 
tion and will be mailed in the near future. 
At present the committee has only a limited 
list of manufacturers or distributors of this 
equipment and so requests that all com- 
panies sponsoring such systems, which are 
not represented in the 1941 report, so ad- 
vise the chairman, G. S. Lunge, General 
Electric Company, 1 River Road, Sche- 
nectady 5, N. Y., so that they may receive 
copies of the questionnnaire. 


CEC TON 6 acetete 


Loran Navigation Is Topic 
At Final Philadelphia Meeting 


The last of its meetings for the 1945-46 
season was held by the Philadelphia Sec- 
tion, Monday, May 13, in the Engineers 
Club in Philadelphia, Pa., with an attend- 
ance of 145. - 

A review of the year’s high lights in Sec- 
tion activities was given by C. T. Pearce 
(M °40) retiring chairman. These included 
the passing of the 1,000th member mile- 
stone, which represented a growth in 
membership in excess of 10 per cent during 
the year; the establishment of a_ basic 
science discussion group; the total of 42 
meetings in all activities of the Section; 
and the establishment of additional com- 
mittees on suggestions, section history, and 
Princeton—Trenton meetings. The efforts 
of the Wilmington Subsection and of the 
communications discussion group were 
given special mention. 

Officials elected for the 1946-47 season 
were: 


H. A. Dambly (F 42) chairman; E. W. Boehne (F *43) 
vice-chairman; W.R. Clark (M °44) secretary; and C. S. 
Schifreen (M ’43) treasurer. 


Following the short business session, 
J. A. Pierce of the Cruft Laboratory, Har- 
vard University, spoke on ‘‘Loran—Long 
Range Navigation.” The Loran system 
has been extended to cover three-tenths of 
the earth’s surface, according to Doctor 
Pierce who gave the history of the develop- 
ment and outlined the fundamental con- 
cepts of hyperbolic navigation. Details of 
equipment in service and of future trends 
and potential uses were given. A film show- 
ing the routine methods of calculating posi- 
tion from oscillograph readings followed the 
talk. 

As the final one of the season, the meet- 
ing closed with the usual award of attend- 
ence prizes by the fellowship and attend- 
ance committee, headed by J. E. Johnson 
(M °45). Numerous appropriate gifts had 
been presented to the committee for the 
occasion. As a method of awarding these 
prizes, a judge and a sergeant-at-arms were 
chosen by drawing. After these officials 
were suitably costumed, they supervised 
the drawing of names by lot from a mixing 
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drum. Each winner had to prove his 


worthiness to receive a gift by some special 
stunt on the merit of which the judge and 
sergeant-at-arms were final authority. _ 


' 


New York Section Closes 
Extremely Active Year es, 


As part of its accounting at the close of 
its administrative year, the New York Sec- 
tion recently assembled an impressive set of 
figures on meetings and attendance. 

A total of 262 meetings attracting an at- 
tendance approximating 28,000 were spon- 
sored by the Section in an 8-month period. 
Thirty regular Section meetings were ar- 
ranged by various technical groups and 
program committees, and 232 were con- 
nected with the 21 courses conducted by 
the Section in special fields of current inter- 
est and in review of fundamentals as prep- 
aration for engineers’ licenses. Attendance 
at the regular meetings totaled 6,900 and at 
the others, 21,000. This gives an average 
of 1.5 meetings for every weekday during 
the period covered by the tabulation. In 
addition, 26 conferences were held to give 
counsel to returning veterans, with an at- 
tendance of almost 700. 


Fairman Addresses 
Lynn Annual Dinner Meeting 


As guest speaker at the annual dinner of 
the Lynn Section held April 30, at the 
Thomson Club, Nahant, Mass., J. F. Fair- 
man, AIEE vice-president, considered the 
topic, “Organization of the Engineering 
Profession.”’ 

Mr. Fairman discussed the recent report 
of the AIEE subcommittee on professional 
activities (EE, Apr °46, pp 169-73) and dis- 
tributed a questionnaire prepared by the 
subcommittee. Following his address dis- 
cussion continued for nearly an hour, and 
the Section membership expressed a strong 
interest in and enthusiasm for the work 
being done by the committee on planning 
and co-ordination through its subcom- 
mittees. 

Approximately 200 members and guests 
attended the dinner. 


Meetings of New Subsection of 
Lancaster-York Well Attended 


The Lancaster-York Subsection of the 
Maryland Section was organized early in 
1945 to relieve Section members living in 
Lancaster, York, and Adam Counties of 
Pennsylvania from the necessity of making 
the 60-mile trip to Baltimore under war- 
time difficulties. 

A ,preliminary meeting was held in 
Lancaster, July 12, 1945, when tentative 
plans were made and a functioning com- 
mittee organized. This committee called 
a meeting for September 13, when the final 


24. 


‘organization of the Subsection was com- 
pleted with 23 members present. The fol- 
lowing officers were elected: R.W. Larsen, 
chairman; H. J. Stewart, (A’38)vice-chairman; 
J. L. Stauffer (A °24)  secretary—treasurer. 
Since this meeting the membership has 
grown to 172. Six meetings have been 
held, four at Lancaster and two at York, 
with an average attendance of 112. It is 
evident that this Subsection is filling a real 
need. 


Michigan Arc Display 
Draws Large Audience 


A display of arcs, mainly at utilization 
voltages, was featured on the program of 
two evening meetings of the AIEE Michigan 
Section held in the laboratory of the Bull 
Dog Electric Products Company, Detroit, 
April 24 and 25. 

Sponsored by the industrial power group 
of the Michigan Section in co-operation 
with the Industrial Electrical Engineering 
Society, a Detroit organization of plant 
operating engineers, a two-hour program of 
30 scheduled items, ranging from small 
sparks to explosive arcs and including the 
destruction of unprotected 440-volt de- 
vices, was presented. 

Speaker at the meetings was Lawrence 
E. Fisher (M °38) director of research, for 
the Bull Dog Electric company, who pre- 
sented technical data and necessary expla- 
nations on the tests performed. ‘Tests in- 
cluded arcs on insulators and the spraying 
of salt water and iron dust on energized 
plug-in duct. Movies taken by an ultra- 
high speed camera and timing clock showed 
slow-motion detail of arc interruption by 
circuit breakers and the periodic fluctua- 
tion of a 60-cycle maintained arc. 

Approximately 140 attended each meet- 
ing and were dinner guests of the Bull Dog 
Electric company preceding the demonstra- 
tions. D. D. Douglass (M ’44) chairman of 
the industrial power group headed the 
committee which arranged the meetings. 


Philadelphia Announces 
Awards in Prize Paper Contest 
In its 1945-46 prize paper competition 

the Philadelphia Section recently awarded 

three best paper prizes, one for each of its 
geographical divisions, Philadelphia, Del- 
aware, and New Jersey. Prizes also were 
awarded for the best initial paper and 
honorable mention was given two papers. 

Authors names and titles of the winning 
papers follow: 


First Prize 
Philadelphia division: “Application of the Ohm and 


Mbo Principles to Protective Relays’ by A. R. van , 


C. Warrington (M °43). 

Delaware Subsection: ‘Electrical Construction—Ma- 
terial and Time-Saving Methods” by R. G. Rudrow 
(M 41). 

New Jersey division: ‘“‘Salesmanship in Engineering” 
by R. T. King: (M 737). 


Best Initial Paper y 
“Coincidence Factor Relationship of Electric-Service- 
Load Characteristics” by Constantine Bary (M °43). 


Honorable Mention 

“Research on Aids for the Blind” by Thomas A. 
Benham (A ’39). 

“The Development, Design and Performance of Mag- 
netic-Type Power Circuit Breakers” by B. W. Wyman 
(A 40), and L. J. Linde (M ’45). 


Illinois Valley Section 
Reports First Year’s Activities 


A total of 11 formal meetings held during 
the Illinois Valley Section’s first year of 
operation is reported by Professor F. E. 
Dace (M’43), Section chairman. These 
were interspersed by technical groups meet- 
ings, attendance at which sometimes out- 
numbered that at regular Section meetings, 
according to Professor Dace. 

Two of the Section meetings were held in 
Springfield, two in Pekin, and others in 
Peoria. The Section also has taken an 
active part in the Peoria Engineering 
Council, which represents 19 engineering 
organizations. 

The Section’s annual meeting, held May 


Joint meeting of the AIEE Michigan Section and the IEES in the electrical labora- 
tory of the Bull Dog Electric Products Company, Detroit, April 24, 1946 
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TECHNICAL PAPERS previev 
will be presented at the AIEE summer con) 
Detroit, Mich., June 24-28, 1946 an 
buted in advance pamphlet form as s 
come available. Copies may be obtain 
from the AIEE order department 33 ; 
Street, New York 18, N.Y., at prices indic 
the abstract; or at five cents less per copy 
chased at AIEE headquarters or at the conv 
registration desk. 


Mail orders will be filled ! 
AS PAMPHLETS BECOME AVAILABLE Te. 


Air Transportation 


46-129—Electronic Control of Frequency 
Converter Sets for Testing Aircraft 
Models; G. W. Heumann (A’44), W. F. 
Strong (A471). 25 cents. The paper de-— 
scribes the 65- to 400-cycle variable fre- 
quency a-c power system used for testing 
aircraft models in the United Aircraft 
Corporation wind tunnel at East Hartford, 
Conn. Induction type frequency conver- 
ters, driven by d-c shunt motors with arma- 
ture voltage control, supply variable fre- 
quency power. Electronic exciters ener- 
gize the various d-c fields, and electronic 
regulators are described in detail for con- 
trol of speed, current limit, volts per cycle, 
and load division during parallel operation 


_ of two converter sets. Antihunt circuits 


insure stable operation. The power sys- 
tem is used for speed control, by frequency. 
control, of high-speed induction motors 
driving propellers. Aerodynamic per- 
formance is determined by precision meas- 
urement of speed and electric input into 
the model motors which, from motor cali- 
bration data, permit computing the me- 
chanical input into the propeller. The elec- 
tric controls enable the operator to obtain 
any test point within the range of the equip- 
ment. 


46-131—Investigation of Porcelain In- 
sulators at High Altitudes; C. V. Fields 
(A ’47), C. L. Cadwell. 15 cents. The use 
of high voltage apparatus in military air- 
craft made it necessary to obtain flashover 
data on capacitor bushings at altitudes up 
to 50,000 feet. Some of the more pertinent 
data are presented in this paper which 
gives a-c and d-c flashover voltages for 
porcelain bushings having spacings of 
5/8 inch to 27/s inches from cap to ring. 
The tests were made at both normal atmos- 
pheric and reduced pressures, but no at- 
tempt was made to simulate the frosting 
conditions as encountered in flying. Cor- 
relations are shown between bushing spac- 
ings and the effect of pressure change. A 
single correction curve for pressure changes 
cannot be used, but a family of curves is 
required for various spacings of insulators 
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4 46-145—Short-Time Current Ratings for 
: 
a 


and electrostatic field configuration. This 


_ paper shows that the practical use of 
a porcelain insulators is limited to altitudes 
and voltages well below maximum values 


proposed for aircraft use. It is recom- 
mended that solid insulation be used in 


. such a manner as to obtain the benefit of 
_ its puncture strength rather than its flash- 


over at the more extreme conditions of 
altitude and voltage. 


Aircraft Wire and Cable; B. W. Jones 
(M43), J. A. Scott (M°34). 15 cents. 
This paper gives the results of a series of 
tests on two sizes (AN-16 and AN-8) of 


insulated aircraft wires and cables which 


Y 


were made to determine their permissible 

short-time current carrying capacities. 
The times under consideration ranged from 
0.01 to 1,000 seconds. A description is 
given of a very simple but adequate elec- 
trical test, together with an accompanying 
insulation test, to determine what are con- 
sidered permissible transient temperatures. 
Tentative recommendations of short-time 
current carrying capacity for aircraft cable 
sizes AN-22 to AN-00 are made. 


46-148—A Unique Engine Synchronism 
Indicator for Aircraft; D. B. Pearson 
(A ’471). 15 cents. Greater passenger and 


a crew comfort, improved flight efficiency, 


and minimized vibrational stresses are ob- 
tained by exact synchronism between the 
engines of multiengine aircraft. Much 
closer synchronism than is attainable with 
engine tachometers alone can be provided 
by using suitable synchronism indicators. 
The limited panel space available has 
dictated a very compact construction for 
synchronism indicators without sacrifice of 
accuracy or dependability. This has been 
accomplished by designing an indicator 
mechanism which utilizes a _ principle 
similar to that of electric-power-circuit syn- 
chroscopes, but which is much smaller in 
size. The construction and operating char- 
acteristics of this unique aircraft engine 
synchronism indicator are described. 


Automatic Stations 


46-106—Automatic Control of Large 
Synchronous Condensers; M. J. Brown 
(M ’44). 30 cents. The considerations in- 
volved in the design of an automatic syn- 
chronous condenser control are discussed 
in this paper with an aim toward helping 
the designer and user of synchronous con- 
denser equipment obtain modern and 
complete facilities in his design. A typical 
push button operated control for a large 
synchronous condenser is described, and 
the diagrams involved are shown. The 
description includes a detailed résumé of 
starting sequence, protective device opera- 
tion, and automatic control of voltage and 
load. Emphasis is put on the adaptability 
of push button control to full automatic 
operation or remote operation by direct 
or supervisory control. 
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46-147-ACO—Operating 


Experience 


With Single Pole Switching; J. T. Knight 


(M42). 15 cents. Single pole and two pole 
switching provide greater transient sta- 
bility of interconnected systems. During 
swings, power is transferred through the 
grounded neutrals and over the phases re- 
maining closed, alleviating stresses in gen- 
erator equipment. The selection of the 
tripping circuits, together with the high 
speed carrier distance relaying and 20- 
cycle reclosing, necessarily complicates the 
control. However, complications are justi- 
fied when it is considered that the purpose 
of the interconnection is to supplement gen- 
erator capacity. Oscillograms and tables 
show the performance during testing with 
mimic power faults and load conditions. 


46-174—Carrier Supervisory Control of 
Pumping Station Over Power Cable; 
W. A. Derr (A’43), W. A. Keller, H. A. W. 
Hedke (A’34). 20 cents. A recent installa- 
tion of power-line carrier supervisory con- 
trol provides for unattended operation of a 
pumping station in Lake Okeechobee. 
The pumping station provides the necessary 
water for a new starch plant of the United 
States Sugar Corporation. In addition to 
providing for the remote control of appa- 
ratus units, the supervisory control also 
provides selective telemetering and com- 
munication over the same single-frequency 
carrier channel. The carrier equipment 
operates over 4,000-volt power cable, part 
of which is rubber jacketed and part of 
which is armored submarine cable. The 
paper presents field test data on the attenu- 
ation values of the cable. The use of low- 
voltage capacitors similar to standard power 
factor correction capacitors instead of 
standard carrier coupling capacitors is 
described. The incorporation of the carrier 
and supervisory control equipment in a 
metal-clad switchgear assembly also is 
described. 


Basic Sciences 


46-110—The Influence of the Concen- 
tration and Mobility of Ions on Dielectric 
Loss of Insulating Oils; B. P. Kang (A’40). 
20 cents. The purpose of this study is to 
help in clarifying one phase of the picture 
on the nature and mechanism of dielectric 
loss in insulating oils. It deals with the 
relations of dielectric loss on one hand 
and the concentration and mobility of the 
free ions on the other. To vary the con- 
centration and mobility of ions, different 
percentages of a highly deteriorated oil 
were added to two highly refined oils of 
different viscosities. It was found that the 
dielectric loss varied inversely as a function 
of the viscosity logarithmically. If mobility 
of the ions is kept constant, the dielectric 
loss will be a linear function of the content 
of free ions in the oil. On the other hand, 
an increase in the concentration of ions in 
an oil may result in an actual decrease in 
dielectric loss, if the viscosity is increased to 
the point where the mobility of the ions is 
decreased relatively more than the ion 
concentration is increased. 
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46-111—A Fractional Termination for 
Ladder Networks; Wilbur R. LePage 
(M44). 20 cents. By use of a uniform 
ladder network to simulate a smooth trans-- 
mission line of sufficiently small electrical 
length, a termination intermediate between 
the ordinary mid-series and mid-shunt 
types is derived which is superior to the 
latter types. The superiority lies in a re- 
duction of the errors of the four-terminal- 
network parameters, as compared with 
those for the smooth line, and in the reduc- 
tion of the distinction between the mid- 
shunt and mid-series terminations. The 
new termination may have use when 
simulating lines shorter than a quarter 
wavelength. Formulas for the new ter- 
minations, and estimates of the errors of 
the parameters, are given for networks of 
any number of sections, but the results are 
of most practical value when there are few 
sections. It is found that no improvement 
is possible by modifying the next-to-the- 
terminal elements of the uniform network. 


46-119—Formulas for Calculating the 
Inductance of Channels Located Back to 
Back; W.G. Schwantz (Student), T. J. Hig- 
gins (A ’40). 25 cents. Formulas are derived 
for calculating the inductance of a bus 
comprised of two identical channels located 
back to back. It is assumed that the con- 
ductors are nonmagnetic, are of such 
length that end effects are negligible, are 
right cornered, are uniformly thick, and 
carry currents distributed uniformly over 
their cross sections. On these bases a gen- 
eral formula is obtained through use of 
geometric mean distance theory. An ap- 
proximate formula, suitable for preliminary 
computation, stems from considering con- 
ductors infinitely thin rather than uni- 
formly thick. Once these formulas are 
derived, their use is illustrated by calcula- 
tion of several typical problems. Additional 
problems illustrate precautions to be ob- 
served in using the approximate formula. 


46-120—Negative Resistance Effects in 
Saturable Reactor Circuits; J. M. Man- 
ley, E. Peterson (M26). 30cents. Sustained 
oscillations exhibiting many of the proper- 
ties of free oscillations are found in satur- 
able reactor circuits under appropriate 
conditions. The frequencies of such oscil- 
lations are classified in relation to that of 
the driving source as 


1. Incommensurable. 
2. Subharmonic and multiples thereof. 
3. Harmonic. 


General properties of the oscillations classi- 
fied are elucidated by reference to an analy- 
sis of R. V. L. Hartley’s dating back to 
1917. In part I a comparatively simple 
form of analysis is used to demonstrate the 
development of negative resistance by what 
is essentially a modulation process. Ap- 
plications then are made to the three 
classes of oscillations just listed. Some of 
the simplifying assumptions of part I are 
removed in part II to approximate prac- 
tical conditions more ‘closely for the 
evaluation of a specific product: the third 
subharmonic. Quantities evaluated over 
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wide ranges of the variables involved in- 
clude the impedance of the nonlinear coil 
to the subharmonic, the subharmonic am- 
plitude, its stability, and the conditions re- 
quired for starting and maintaining the 
oscillation. Experimental data are found 
in general agreement with the results of 
computation. 


46-128—A New Approach to Probability 
Problems in Electrical Engineering; 
H. A, Adler (M44), K. W. Miller (M ’29). 
75 cents. In many electrical engineering 
problems the probable durations of simul- 
taneous events and the probable intervals 
between such simultaneous occurrences are 
of great importance. The usual mathe- 
matical formulas and available methods 
determine only the probability or ratio of 
time occupied by simultaneous events, 
without specifying either their durations or 
intervals between recurrence. This paper 
presents formulas useful for determining 
average durations and intervals between 
simultaneous events for a variety of con- 
ditions encountered in engineering prob- 
lems. 


46-150—Dimensionless Analysis of Servo- 
mechanisms by Electrical Analogy; S. W. 
Herwald (A’46), G. D. McCann (M44). 
75 cents. This paper gives the results of a 
general study that has been made of stand- 
ard forms of angular position servomecha- 
nisms. ‘The rapidity with which complete 
transient solutions can be obtained on the 
mechanical transients analyzer has per- 
mitted the analysis for a wide range of 
servomechanism parameters. ‘These data 
are plotted in dimensionless form, permit- 
ting the ready determination of the per- 
formance of a given servo system or the 
selection of parameters for optimum per- 
formance. 


Communications 


46-151—Mica Capacitors for Carrier 
Telephone Systems; A. J. Christopher 
(A ’28), J. A. Kater. 15 cents. This paper 
discusses the types of mica capacitors used 
in carrier telephone systems in the Bell 
telephone plant. It covers the construction 
and some of the more important electrical 
characteristics of the silvered mica capaci- 
tors currently used in oscillators, networks, 
and other frequency determining circuits 
because of their inherently high capacitance 
stability with temperature changes and with 
age. Their use in place of the previous dry 
stack type, consisting of alternate layers of 
mica and foil clamped under high pressures, 
has made possible considerable manufactur- 
ing economies in addition to improving the 
transmission performance of carrier tele- 
phone circuits. The manufacturing econo- 
mies are the result of relatively simple unit 
construction and ease of adjustment to the 
very close capacitance tolerance required. 


46-161—Systems Development of Mili- 
tary Communications; 7. R. Putnam 
(M45). 15 cents. The broad phases of 
the problems involved in developing’ the 
land line network of signal communications 
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required for extensive land and land-based 
air operations into a theater-wide system are 
discussed. ‘The basic nature of both tac- 
tical and rear area communications are 
described and compared with commercial 
systems from an operating standpoint. The 
aspects reviewed are those concerned with 
unification of control of the over-all net- 
work under the handicap of War Depart- 
ment signal communication doctrine. The 
solution to the problem of developing the 
theater-wide network into a unified system 
in the North African theater of operations is 
given, together with some operating results. 


46-162—Properties and Uses of Ther- 
mistors—Thermally Sensitive Resistors; 
J. A. Becker (F°43), C. B. Green, G. L. 
Pearson. 30 cents. A new circuit element 
and control device, the thermistor or 
thermally sensitive resistor, is made of 


solid semiconducting materials, the re-— 


sistance of which decreases about four per 
cent per centigrade degree. The thermi- 
stor presents interesting opportunities to the 
designer and engineer in many fields of 
technology for accomplishing tasks more 
simply, economically, and better than with 
available devices. Part I discusses the con- 
duction mechanism in semiconductors and 
the criteria for usefulness of circuit elements 
made from them. The fundamental phys- 
ical properties of thermistors, their con- 
struction, their static and dynamic charac- 
teristics, and general principles of opera- 
tion are treated. Part II of this paper deals 
with the applications of thermistors. These 
include: sensitive thermometers and tem- 
perature control elements, simple tempera- 
ture compensators, ultrahigh frequency 
power meters, automatic gain controls for 
transmission systems, voltage regulators, 
speech volume limiters, compressors and 
expanders, gas pressure gauges and flow- 
meters, meters for thermal conductivity 
determination of liquids, and contactless 
time delay devices. Thermistors with 
short time constants have been used as 
sensitive bolometers and show promise as 
simple compact audio frequency oscilla- 
tors, modulators, and amplifiers. 


46-163—Transmission Rating of Tele- 
phone Systems; W. A. Codd. 175 cents. 
The problem of rating the transmission 
performance of telephone connections is 
considered, including a review in consider- 
able detail of a method proposed by J. R. 
Hughes for ‘““The Comprehensive Assess- 
ment of Telephone Communication Effi- 
ciency.” A modification of Hughes’ tech- 
nique is presented with indications of cer- 
tain attendant advantages. 


Electric Machinery 


46-116—Electromechanical Transient 
Performance of Induction Motors; C. NV. 
Weygandt (A’37), S. Charp (A’42). 30 
cents. ‘l'wo phase induction motors com- 
monly are used as servo motors because they 
can be reversed and controlled readily. 
Although they are extensively employed, 
such utilization is mainly on an “‘it works” 
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basis. This paper is the result of a differ- 
ential analyzer study of their starting and 
reversing characteristics, based upon solu- 
tions to the induction motor equations 
formulated by H. C. Stanley in 1938. 
These performance equations are solved, 
and summary curves based upon the con- 
clusions reached are presented in a form 
useful to the motor designer. A comparison 
of the theoretical results with experimental 
data of an actual motor is made. No pub- 
lished data of the type presented in this 
paper have come to the attention of the 
authors. 


46-136—Current and Torque of D-C 
Machines on Short Circuit; T. M. Lin- 
ville (M34). 30 cents. An analysis of d-c 
machines under short circuit is made, and 
formulas are derived for the armature cur- 
rent, field current, and torque. The 
formulas are applied to several machines 
and the calculated results compared with 
test data. The terms of the formulas can 
be evaluated easily, and in many cases, 
particularly with large machines having 
bar windings, approximate calculations 
can be made without need of manufac- 
turer’s data. The paper is useful in prob- 
lems concerning the protection of machines 
and circuits against the abnormal currents 
and forces produced by short circuit. Im- 
portant features of the paper are: 


1. The expression for the relation between electro- 
motive force, armature amperes, and field amperes. 


2. An expression for the resistance to current flow 
created by the reactance voltage of the alternating cur- 
rent in the armature winding. 


3. A formula for estimating the time constant of the 
armature circuit using an average coefficient of in- 
ductance,. 


46-157—Factors Affecting Insulation Re- 
sistance of Large D-C Machines; J. S. 
Johnson (M45), Conrad Weil (A°’44). 25 
cents. Insulation resistance data of 1,100 
new d-c machines in the range of 1,000 to 
7,000 horsepower are analyzed. Estimates 
are made from a statistical study of the 
data and known machine design propor- 
tions of the relative magnitudes of the prin- 
cipal factors which affect the insulation 
resistance of new d-c machines. In addi- 
tion to previously recognized factors, such 
as material resistivity, insulation tempera-~ 
ture, and machine size, the absolute humid- 
ity of the surrounding air is shown to affect 
significantly the insulation resistance of 
commutator type machines. Based on this 
study, a simple linear insulation resistance 
formula for new d-c machines is developed 
which includes corrections for the effects 
machine size and the absolute humidity of 
the surrounding air at the time of test. 
Since the voltage range of large d-c ma- 
chines is small, the rated machine voltage 
has been omitted in the suggested formula. 


46-164—Oscillations of a High-Voltage 
Secondary Winding; A. Boyajian (F 26). 
30 cents. Rational design of transformer in- 
sulation requires knowledge of the distri- 
bution of stresses under abnormal condi- 
tions. This problem has been analyzed 
fairly completely for the case in which the 
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disturbance is applied re to ie 
Doran: of a winding. However, there 
is a need for a more complete analysis for 
_ the case when the disturbance is induced in 


_ This paper presents a novel theory and out- 
_ lines the method of analysis. A feature of 
the theory is that the natural mode of the 
oscillations of such a circuit are not quarter 
waves or half waves and their multiples, 
but intermediate fractions of waves. The 
paper gives methods of estimating the over- 
voltages as functions of such harmonics and 
explains how to determine the character- 
” istics of the transformer for use in the cal- 
_ culations. 


_ 46-165—Temperature Limits for Short- 
_ Time Overloads for Oil-Insulated Neu- 
tral Grounding Reactors and Trans- 
_ formers—II; V. M. Montsinger (F°29), 
‘25 cents. In part I, 
published in 1938, the principal question 


_ considered was the effect of ventilating coils 


correct limit. 


on temperature limits for ground faults 
_ greater than one minute, for which it was 
' assumed that 160 degrees centigrade based 

on all heat stored in copper only, was the 
Since 1938 considerable new 
data have been obtained. This paper pre- 
sents the new data and shows that: 


e 
1. For heating periods of one minute or less, prac- 
tically all aging of insulation occurs during the cooling 
period. It is shown that temperature limits can be 


» based on the “rate of cooling,” rather than on the 


heating period. 


'2.. In the heating period of one minute or less 25 to 
45 per cent of the loss is dissipated from the copper to 
the insulation and oil. Formulas are developed for cal- 
culating the temperatures during the heating and 
cooling periods. 


3. Temperature limits above 160 degrees centigrade 
for one minute are permissible for both nonventilated 
and ventilated coils, being approximately 200 degrees 
centigrade for windings which cool sufficiently rapidly. 


46-166—Some Aspects of Polyphase 
Motor Design—The Design and Proper- 
ties of the Magnetic Circuits; 7. C. Lloyd 
(M °46), H. B. Stone. 30 cents. By compar- 
ing a great number of laminations used 
successfully for a number of years in poly- 
phase induction motors, and taking into 
account various theoretical factors, rules 
are formulated for determining dimensions 
of a series of laminations. The theoretical 
determination of a best lamination involves 
a fixed number of poles; the method shown 
indicates means of obtaining average lam- 
inations for a range of usefulness, as well as 
designs for various poles. The maximum 
torque of a given lamination designed for a 
number of poles is indicated, as well as the 
inherent volt-ampere capacity. A liberal 
number of examples is used to illustrate 
the influence of lamination proportions on 
motor performance. 


46-167—Rotating Electric Machine Time 
Constants at Low Speeds; C. Concordia 
(M’ 37). 20cents. This paper presents the 
results of a study of the variation of the 
several time constants of electric machines 
with rotor speed. Previously, formulas for 
machine time constants at rated speed and 
at standstill have been used. As _ these 
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a winding acting as a secondary winding. | 
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time constants are quite different at these 
two speeds, it becomes important to show 
the way in which they vary continuously 
as the speed increases from standstill, and 
to determine proper values for use at very 
low speeds. 


Electric Welding 


46-137—Influence of Magnetic Materials 
on the Welding Characteristics of Re- 
sistance Welding Machines; J. J. Riley, 
C. E. Smith (M44). 25 cents. The inser- 
tion of magnetic materials, such as steel 
sheets, into the throat of a resistance 
welder causes a reduction in the welding 
current. The degree of reduction and 
simple mathematical tools for estimating it 


are derived. The effect on welding current | 


of thickness of sheets, of inserted length, of 
position in the welder throat, of width of 
sheets, and of magnitude of welding current 
were investigated. The change in welding 
current was evaluated by measuring the 
reactive and resistive voltage components 
caused by the steel sheets in the welder 
throat and summarizing them in nomogram 
form. This chart in combination with the 
short-circuit impedance constants of the 
welder provide the working tools. The ef- 
fect of welding steel sheet independent of 
steel inserted in the throat also was investi- 
gated to complete the analysis of determin- 
ing welding current changes in terms of 
circuit variables. 


46-141—The Application of Series Ca- 
pacitors to Flash Welders; J. F. Deffen- 
baugh (A’42). 75 cents. The application of 
series capacitors to spot, projection, and 
seam welders no longer presents any difficult 
problems, and such capacitors have been 
used successfully with these types of welders 
for several years. Essentially, enough ca- 
pacitive reactance is placed in the primary 
circuit of the welder transformer to neutral- 
ize the inductive reactance of the welder. 
This theoretically produces unity power 
factor and reduces the kilovolt-ampere de- 
mand to the level of the kilowatt demand. 
Since the voltage across the capacitor units 
is directly proportional to the current 
flowing through them, units must be se- 
lected with a voltage rating high enough so 
that this rating is not exceeded, unless they 
are protected by an overvoltage device. 
The flash welder, however, presents an 
entirely different problem, as the welding 
operation is composed of two phases which 
differ widely in both power factor and 
kilovolt-ampere demand. 


46-156—Characteristics of Resistance 
Welding Transformers; F. E. Murray, 
R. C. Jones. 15 cents. This paper deals 
with the practical design of resistance 
welding transformers. It is the authors’ 
desire to convey to the readers the general 
characteristics and problems encountered 
in design. The material covered has been 
presented with the thought in mind that 
it will enable users of resistance welders to 
understand better this vital part of their 
equipment. A portion of the paper covers 
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a sample design of a resistance welding 


transformer. This section contains a gen- 
eral picture of the design constants used in > 
determining core and copper sections. 

\ ' aT 


Electronics | 


46-105—Inductive Co-ordination  As- 
pects of Rectifier Installations; An AIEE 
Committee Report. 30 cents. This report pre- 
sents methods of classifying proposed in- 
stallations from the inductive co-ordination 
standpoint, simple approximate methods of 
estimating harmonics in a-c systems as- 


‘sociated with the operation of rectifier 


installations, and other information dealing 
with the inductive co-ordination aspects of 
rectifier installations. ‘ 


46-126—Fundamental Properties of the 
Vacuum Switch; R. Koller (A’43). 25 
cents. A study has been undertaken of the 
basic mechanism affecting the interruption 
of currents in high vacuum. The interrup- 
tion starts as an ordinary vapor arc which is 
quickly deionized by a fast radial gaseous 
diffusion in the evacuated space. This 
first arc is followed by a series of short 
periods of extinction interspersed with arc 
bursts of microsecond duration. Cold 
emission restrikes and magnetic self-focus- 
ing are also active. The cathode loses ma- 
terial by sputtering. The main factors af- 
fecting this loss are: the current, the re- 
covery voltage, the electrode material, the 
shape of the cathode, and the opening 
speed. The switch operates below 1074 
millimeter of mercury pressure. The sput- 
tering acts to reduce the pressure due to ° 
gases and vapors evolved from the elec- 
trodes, by a combination of getter action 
and diffusion-pump-like action. A con- 
stant working pressure thus can be estab- 
lished. 


46-138—Excitation, Control, and Cooling 
of Ignitron Tubes; C. C. Herskind (M 40), 
E. J. Remscheid (M40). 15 cents. A de- 
scription of the excitation, control, and 
temperature characteristics, limitations, 
and requirements of typical ignitron tubes 
is presented. Oscillographic tests show the 
grid action throughout the cycle. The 
control characteristics provided by the 
grid depend upon these arc processes. The 
procedure for specifying the limitations and 
requirements of the tubes as regards excita- 
tion, control, and cooling is outlined. 


46-139—Rectifier Capacity; C. C. Hers- 
kind (M°’40), H. C. Steiner (M44). 15 
cents. The application of mercury pool 
tubes to a variety of rectifier units having 
different circuits and ratings requires a 
knowledge of both the circuit duty and the 
rectifier capacity. The procedure for the 
determination of rectifier capacity and the 
application of rectifier tubes on the basis of 
such data is described. The relation be- 
tween voltage, current, phase control, re- 
actance, and rectifier capacity are shown. 
Tests and experience indicate that phase 
control is an important factor affecting rec- 
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‘ tifier capacity. Curves showing the - capac- 


ity characteristics of two typical ignitron 
tubes are presented. 


-46-140—A 400-Ampere Sealed Ignitron; 


H. C. Steiner (M°44), H. N. Price. 20 cents. 
As rectifier capacity is increased, it becomes 
desirable to use larger capacity rectifying 
elements. The choice of rectifying element 
size requires careful consideration in order 
to provide a complete range with a mini- 
mum number of units. The sizes of indus- 
trial ignitron tubes for welding control and 
for rectifier service have been chosen on a 
preferred number scale, providing a pro- 
portionate increase at each increment. The 
development of a 400-ampere ignitron for 
rectifier service was undertaken to provide 


the next larger size tube in the series. 


Development work disclosed that design 
problems become more complex as the 
physical size of the tube is increased. How- 


_ ever, none of the factors involved have in- 


dicated an upper limit in size but rather a 
need for a more exact understanding of the 
phenomena involved. 


46-143—Nonlinear Commutating Reac- 
tors for Rectifiers; A. Schmidt, Jr. (M45). 
75 cents. The factors involved in rectifier 
duty are discussed, and it is shown that 
increased reactance results in decreased 
rectifier duty. The same result may be ob- 
tained from suitable presaturated nonlinear 
reactors with less accompanying regulation 
as compared with linear reactors: The 
design of nonlinear reactors is discussed, 
and the circuit action of typical reactors is 
indicated. An example is given of the in- 
crease in rectifier rating which may result 
from the use of commutating reactors under 
severe duty conditions. . 


46-146—Circuit Cushioning of Gas- 
Filled Grid-Control Rectifiers; D. V. 
Edwards (A?31), E. K. Smith. 15 cents. In 


certain common rectifier and inverter cir- 
cuits, gas-filled rectifier tubes, supplying 
highly inductive loads with firing delayed 
by grid control, are subjected to the ap- 
plication of high rates of rise of initial in- 
verse voltage. This phenomenon results in 
short tube life because of the sputtering of 
anode material by the impact of residual 
ions attracted to the negative anode with 
consequent gas cleanup. The paper de- 
scribes a method of slowing down or 
“cushioning” the rate of rise of initial in- 
verse voltage. A small resistance and 
capacitance circuit connected between 
cathode and anode delays the voltage rise 
the few microseconds necessary to eliminate 
sputtering. Life test data and practical 
applications are cited which confirm the 
elimination of gas cleanup. 


Induction and Dielectric Heating 


46-124—Design of Induction- Heating 
Coils for Cylindrical Magnetic Loads; 
J. T. Vaughan (A’44), J. W. Williamson 
(A °43). 20 cents. Equations are presented 
by means of which the authors’ previous 
paper “Design of Induction-Heating Coils 
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sylindrical N 
nS Jed to the 
magnetic loads, whi : 
a fixed position relative to t 
the heat. In heating magne 
there is considerable variation ir : 
ance of the coil circuit as the load temper 
ture changes. The present paper first — 
develops certain general principles by 
means of which a variable impedance cir- — 
cuit may be designed to absorb a predeter- 
mined maximum power, on the basis of 
constants determining the maximum and 
minimum impedance. Methods then are 
given by means of which these constants 
may be calculated for carbon steel loads 


of types SAE 1015-SAE 1045 or equivalent. 


In practice these methods apply to most 
through-heating and some surface-heating 
applications. The accuracy of calculations 
is substantiated experimentally. 


46-153—Low-Reactance Flexible Cable 
for Induction Heating; Myron Zucker 
(M ’36). 15 cents. A flexible water-cooled 
cable, designed primarily for portable spot 
welders, has been used for supplying power 
to induction heating coils at about 1,000 
and 10,000 cycles. The increased voltage 
drops and power losses at the higher fre- 
quencies are especially important because 
of the relatively small current transmitted. 
Therefore, tests and calculations were made 
to determine the electrical characteristics. 
These are affected by the amount of copper 
in the cable and the number of parts into 
which the copper is divided. © Inductive 
reactance, which is the most important 
factor, is computed and checked with 
reasonable accuracy. Approximations are 
available for other electrical characteristics. 
Formulas are obtained by which cable 
performance can be anticipated. These 
will be used where there is a demand for 
the flexible cable to supply power in the 
low-voltage kilocycle-frequency range. 


Industrial Control Devices 


46-104—Silicone-Resin-Treated Magnet 
Coils; G. L. Moses (M44), J. J. Torok 
(M ?35). 20 cents. Silicone insulation was 
investigated on magnet coils to parallel 
similar tests on motors. Laboratory tests 
are reported with standard coils. These 
tests covered the range between 200 and 
275 degrees centigrade. These were aimed 
to determine the life-temperature charac- 
teristics and to evaluate the design advan- 
tages. 


46-113—Electrical Accuracy of Selsyn 
Generator—Control Transformer System; 
Harold Chestnut (A’47). 30 cents. The 
military requirements for high accuracy 
position control systems have resulted in the 
development of the Selsyn generator-con- 
trol transformer system which indicates 
electrically a mechanical shaft position. 
This signal source is dependable, capable 
of continuous rotation, and has a high in- 
herent accuracy, although it is not com- 
pletely error free. To determine the cause 
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phases or certain pn of 1 


actance between rotor and st 
a position error. 
at constant velocities co: 1€ 
synchronous speed for excitation frequer 
employed produces an apprecia le 
phase error voltage. However 
speeds of operation the error is 
a position error in transmission, amoun 
to about 1 nelegree’ for 320 pm. - 


46-125—An Electronic Drive for Windup a 
Reels; K. P. Puchlowski (A’43). 20 cents. 
This paper gives a description of an elec- _ 
tronic system which automatically controls _ 
the speed of the takeup reel motor in such _ 
a manner as to provide an essentially con- _ 
stant strip speed during the reeling opera- 
tion. The system also provides means for 
selection of the strip speed within a wide 
range. The power supplied from an a-c 
line is rectified and controlled by the elec-- 
tronic system, and then is supplied to a 
conventional d-c shunt wound motor which 
drives the windup reel. With the excep- 
tion of a small tachometer generator which | ; 
indicates the speed-of the strip, the main 
driving motor is the only rotating machine 
used in this drive. The paper also includes 

a general discussion of the operating prin- 
ciples of servo systems and emphasizes 
these principles in the description of the 
drive. ; 
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46-130—Dynamic Braking Control of 
D-C Series Motors—Calculation of Sta- 
bility Limit; G. W. Heumann (A°’44), W. P. 
Smith. 75 cents. This paper presents an 
extension of the conventional method of 
calculating speed-torque curves for d-c 
series motors used with dynamic braking 
controllers. By means of test data, it is 
shown that torque per armature current 
and electromotive force per speed are a 
function of both field and armature current. 
With low field currents, armature reaction 
limits the maximum braking torque the 
motor is able to deliver. A per unit method 
is given to calculate stability limit. It is 
shown that the stability limit can be in- 
creased by the use of external series resist- 
ance. 


46-132—Electronic Register Control for 
Multicolor Printing; W. D. Cockrell 
(M’°43). 20 cents. The popular illustrated 
magazines of today are printed on high 
speed rotogravure color presses. For ac- 
ceptable pictures, the colors must be super- 
imposed on one another, or registered, to a 
tolerance of a few thousandths of an inch 
in spite of paper stretch and shrinkage due 
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- to tension ia canes and the necessary Aires 
of each color between impressions. 
_ two requirements of accurate register and 
high speed operation are met by an all- 
_ electronic register control system. In this 
paper a system is described in which elec- 
tronic tubes perform all functions. Photo- 
electric tubes compare the relative posi- 


tions of the printing cylinders and the in- 
coming web. Pliotrons comprise the ampli- 


fier, comparison, and control circuits, and 
thyratron circuits supply the armature 


_ power to the reversing motor used to cor- 
_ rect the position of the printing cylinder or 


compensating roll. 


Industrial Power Applications 


46-122—Protection of Industrial Plants 
ee inst Insulation Breakdown and 
Consequential Damages; H. R. Vaughan 
(M47). 715 cents. Experience has shown 
that several electrical failures may occur 
simultaneously in an industrial plant as 
the result of a breakdown of insulation, 
causing high transient voltages. Available 
methods of surge protection to guard 
against insulation breakdown and neutral 
grounding to prevent high transient volt- 
ages are presented. Consideration is given 
to the merits and limitations of these meth- 
ods when applied to industrial plants. 


Instruments and Measurements 


46-107—Parallel Circuits in Servo- 
mechanisms; H. T. Marcy (A’42). 30 
cents. In a process controlled by a servo- 
mechanism, measurements are made of 
desired and of controlled quantities. Ana- 
lytical techniques heretofore described by 
various authors become awkward to use 


1. When the measurement of the error between de- 
sired and actual quantities is not very fast compared 
with the speed of response of the remaining system. 


2. When there are components in the control system 
which employ feed-back circuits. 


This paper describes the application to 
these problems of an analysis which uses 
the reciprocal of the usual system function. 
The reciprocal system function is defined as 
an operational expression of a nondimen- 
sional ratio of component input to com- 
ponent output. 


. 

46-114—The Frequency Response of 
Automatic Control Systems; Herbert Har- 
ris, Jr. 30 cents. This paper illustrates the 
advantages of the frequency response ap- 
proach to the analysis of automatic control 
systems as contrasted to the analytic solu- 
tion of transient response. At the same 
time the equivalence of information avail- 
able from the two approaches is demon- 
strated. A numerical example is given 
based upon a torque amplifier using a 
motor-generator type control. 


46-133—Functional Analysis of Measure- 
ments; J. F. Kinnard (F’43). 30 cents. 
This article shows the need for a practical 
method of systematically analyzing all 
types of measurement apparatus, and out- 
lines such method actually in use. Spe- 
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cific new terms and definitions are suggested 
for various functional parts of measurement 
devices or systems, and other terms com- 
monly used are defined carefully. A num- 
ber of measurements performed by appa- 
ratus using electrical means are analyzed 
and illustrated, using the methods de- 
scribed. Statistical data on functional 
of measurement equipment are 
shown. The benefits that can be obtained 
from the application and general use of the 
proposed functional analysis and classi- 
fication method are discussed. 


46-135—A New Design for the A-C 
Network Analyzer; J. D. Ryder (A ’40), 
W. B. Boast (M’43). 20 cents. In line 
with the increased interest in a-c network 
analyzers, the Iowa State College has been 
active in developing and constructing an 
analyzer for use by utilities of the Midwest 
area. A pilot model of the analyzer, to 
employ an operating frequency of 10,000 
cycles per second, has been built and testéd. 
Advantages obtained by the use of a high 
operating frequency are reduced instrument 
burden, reduced power levels, and the op- 
portunity to avoid the use of iron cores in 
the reactor units. The latter feature pro- 
vides a major improvement in accuracy. 
Lowered cost is shown as possible through 
the use of techniques and apparatus com- 
mon to the electronic and radio fields. 


46-142—High-Vacuum Leak Testing 
With the Mass Spectrometer; W. G. 
Worcester (A’42), E. G. Doughty. 30. cents. 
A simple mass spectrometer which will de- 
tect extremely small quantities of helium 
provides an excellent method for the detec- 
tion and accurate location of leaks in vac- 
uum systems. The instrument described 
offers high sensitivity and quick response 
and is capable of detecting a small leak in 
the presence of a large leak. Large or 
small systems of metal, glass, or other ma- 
terials can be tested. Since the response is 
not affected by outgassing, it is not neces- 
sary to produce a high vacuum in the test 
piece. Testing time is short, and the system 
lends itself to production tests, ‘The paper 
includes a discussion of the theory and de- 
sign requirements of the leak detector, a 
description of the instrument, and a discus- 
sion of the applications of the method to 
large and small systems. 


46-155—Frequency Compensated A-C 
Ammeters and Voltmeters; J. M. Whit- 
tenton (A ’37), C. A. Wilkinson. 15 cents. A 
comprehensive discussion of the factors 
causing frequency errors in uncompensated 
type a-c moving-iron ammeters and volt- 
meters is covered in this paper. A general 
discussion is given to the practical methods 
of compensation which can be applied to 
standard instruments to reduce errors in 
calibration to negligible values when in- 
struments are calibrated at one frequency 
and used over a range of 25 to 3,000 cycles. 
Results are tabulated to show the reduction 
of frequency errors in ammeters by the use 
of high permeability materials in proper 
combination in the magnetic circuit to re- 
duce eddy current losses. The effectiveness 
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of these improvements in combination 
with the proper shunting of a portion of the 
series resistors of the voltmeters with re- 


quired values of capacitance to correct also 


for changes in inductive reactance is de- 
scribed, and the reduction in ireduemcyis er-— 
rors is given. 


Marine Transportation 


46-127—Design of D-C Auxiliary Con- 
trollers for Marine Service; W. Schael- 
chlin (M46). 20 cents. This paper briefly 
discusses the various problems involved in 
the design of control equipment for ship- 
board service. The effect the number of 
starting steps has on current surges, and 
the advantages and disadvantages of vari- 
ous means of automatic acceleration are 
described. Overload protection of con- 
tinuously and intermittently rated motors is 
discussed in detail, and particular reference 
is made to the problem of protecting inter- 
mittent motors. Resistors for starting and 
speed regulating duty are considered an 
important controller component, and dis- 
cussion of them includes a table with recom- 
mended resistor classes for the various ap- 
plications. A number of points must be 
considered in the design of enclosures for 
dripproof or waterproof controllers. 
Strength, ventilation, condensation, and 
other such details are covered. The paper 
concludes with a discussion of various 
types of controller assemblies for deck and 
underdeck applications and contains il- 
lustrations of typical equipment. 


46-149—Propulsion Control Problems 
With Diesel-Electric Synchronous Motor 
Ship Drives; E. Frisch. 20cents. Although 
the many obvious advantages of ship pro- 
pulsion drives with synchronous motors 
and generators and with power supplied 
by Diesel electric engines have been real- 
ized for some time, no actual installations 
were made in the United States until a 
few years ago. At that time a trial instal- 
lation was completed on a 12,000 horse- 
power twin-screw vessel. Experience thus 
gained has established its superiority in 
many respects, and indications are that it 
may find extensive use on future vessels. 
The paper discusses control problems as- 
sociated with the drive and describes meth- 
ods of control and types of control equip- 
ment which have been found best suited for 
the drive. 


Power Generation 


46-108—Tennessee Valley Authority 
Hydroelectric Stations—Electrical and 
Mechanical Design; R. A. Hopkins (F 43), 
H. J. Petersen. 25 cents. Design policies 
have been developed and established during 
the building and operating of 14 major 
hydroelectric generating stations since 
1934. Turbines, governors, generators, 
transformers, switchgear, and other major 
equipment have been selected generally 
in accordance with normal manufacturers’ 
designs, except in specific cases where oper- 
ating experience has indicated a definite 
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ae nd equipment, and other station | 


units. 


i pecoenk mae ae standar 
the manufacturers. Switching 
control, relaying, wiring, pipin 


_ been developed by the Auth 
~ manufacturers’. standard com: 


“far as possible. The bases for selection of 


“equipment and for development of point 


designs undoubtedly are applicable to 
other hydro projects. Fe. 


46-144—Improvements | in Performance 
of Hydroelectric Generating Units on the 


- 2,000,000-Horsepower Saguenay Sys- 
tem; F. L. Lawton (M°?36). 25 cents. The ~ 


large number of high-capacity hydroelec- 
tric generating units in power plants of the 
Saguenay System, well-organized operating 
records, thorough engineering studies and 
Sgonenkarons and foresighted manage- 
ment have made feasible important ad- 
vances in efficiency and reliability of such 
Improved methods of operation 
have resulted in maximum energy output 
from storage water. Important criteria 
affecting rate of wastage of waterwheel- 


runner metal by pitting, and costs of re- 
‘pairs, are discussed. The significance of | 


operating waterwheels at best gate, and 
means of accomplishing this by gate-posi- 
tion indicators, are noted. The effect of 
dirt on generator stator-winding tempera- 
ture rise is developed. Improved genera- 
tor performance from better application of 
stator-winding insulation, superior strand- 
ing and transposition of stator-winding 
coils, high-silicon stator iron, and better 
ventilation systems are discussed. En- 
hancement in waterwheel capacity and ef- 


_ ficiency, effected through model and proto- 


type performance tests, is noted. 


46-152—Modern Excitation Systems for 
Large Synchronous Machines; J. B. 
McClure (A’29), S. I. Whittlesey (A’45), 
M. E. Hartman. 20 cents. This paper 
reviews the types of modern excitation sys- 
tems that are now available for large syn- 
chronous machines. It includes a brief 
description of the complete excitation sys- 
tems followed by a discussion of the 
modern types of exciters and regulators. 
The application guides indicate the present 
trends of excitation systems for the different 
types of synchronous machines. Co-ordi- 
nated excitation systems are now available 
for all types of application requirements, 
including existing installations. The auto- 
matic control features provided by modern 
voltage regulators make it possible to ob- 
tain improved system operation, to operate 
existing equipment at higher loadings, and 
to design more economical system exten- 
sions. Special motor-driven exciters may be 
used successfully in place of large high- 
speed shaft-driven exciters. Shaft-driven 
hydrogen-cooled exciters are available for 
moderate-speed synchronous machines. 


46-154—The Development of Modern 
Excitation Systems for Synchronous Con- 
densers and Generators; F. M/Z. Porter 
(M45), J. H. Kinghorn (M°46). 25 cents. 
This paper describes a development pro- 
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exciters, are given. The fine performance 
of the various excitation schemes is re- 


counted and demonstrated. Definite con- — 


clusions are drawn by the authors as a 
result of many machine years of satisfac- 
tory performance obtained with these nu- | 
merous modern excitation systems. 


Power Transmission 
and Distribution 


46-103—Determination of Cable Tem- 
peratures by Means of Reduced Scale 
Models; Andrew Gemant, 
(M°39). 25 cents. A method, using re- 


duced-scale model installations, is developed 


for the laboratory determination of cable 
temperatures obtaining in the field. The 
theory of the method is given, followed by 
the description of three sets of experiments 
conducted to show the feasibility of the 
method. One set of experiments is con- 
cerned with a single-conductor cable buried 
directly in the soil of the model setup, and 
temperatures obtained are compared with 
computed values. Another set is concerned 
with a single-conductor cable in a model 
duct bank, and sheath and duct tempera- 
tures obtained are compared with those of 
field determinations in an actual field in- 
stallation. The third set is concerned with 
a model three-conductor cable in a duct 
bank, and conductor-sheath temperature 
differentials are compared with field data. 
All tests show that the accuracy of the 
method is sufficient for practical purposes. 


46-115—F-3 Lead Alloy—An Improved 
Cable Sheathing; L. F. Hickernell (F’34), C. 
J. Snyder. 20cents. Operating requirements 
for the lead sheath of modern impregnated- 
paper insulated power cable are outlined. 
The properties of present sheathing ma- 
terials are reviewed, and the deficiencies 
pointed out. To meet present require- 
ments, an extensive development program 
was undertaken and the material evaluated 
by a large utility. The best results were 
obtained with a new sheathing material 
composed of small amounts of arsenic, tin 
and bismuth, and remainder lead, known 
as F-3 alloy. Tests have shown that this 
material has unusual endurance or fatigue 
resistance under both dynamic and static 
loading. Outstanding properties are its 
resistance to bending fatigue, creep, and 
cracking under long-time static loading. It 
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46-118-—Senlicshdactily shieidatet 
A-C Power Cable; E. J. Merrell (A’ 
15 cents. Graphs showing the elec 
properties of semiconducting shields Aas, 
a-c power cable are presented, togetl — 
with background theory, illustrative prob- 

lems, and experimental verification. The — 
theory is based upon an adaptation of the — 
exact hyperbolic formulas for a-c transmis- _ 
sion lines to the circuit conditions repre- uo 
sented by a cable dielectric and its semicon- 
ducting covering. Formulas and co-ordi- 
nates have been expressed in conventional —_ 
electrical engineering terms, so that the 


‘theory and graphs may find ready applica- 


tion to cable measurements and design. All 
probable cable constants are covered by 
the graphs, specific solutions being obtain- 
able by interpolation. 


46-121—High-Voltage D-C Testing of 
Rubber-Insulated Wire; HW. N. Eddy 
(F°40), W. D. Fenn (M°44). 15 cents. At 
different stages in the manufacture of insu- 
lated wire and cable, various electrical and 
physical tests are made to ensure the quality 
and serviceability of the completed cable. 
One of the most important of these tests is 
the high voltage test—alternating or direct 
current. It may be applied to short sec- 
tions of the insulated conductor as it passes 
through electrodes of various types, dry or 
wet, or to full factory lengths of the insu- 
lated wire, dry or wet. The scope of this 
paper is limited to the results of an experi- 
mental study made on the voltage limits 
suitable for the high voltage d-c testing of 
factory lengths of plain insulated wire im- 
mersed in water. In addition to many 
sample tests, the study included tests on 
more than 5,500 different factory lengths 
of submarine cable conductor, insulated 
with natural rubber, synthetic rubber, or 
polyethylene. Such factors as testing volt- 
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varied over a wide range. From these 
data test voltage limits are suggested; the 
lowest test voltage that will indicate serious 
defects, and the highest test voltage that 
can be used without causing damage to 
sound insulation, from either the d-c test 


voltage itself or from impulse voltages inci- 
f dental to the testing. 


4 46-123—The Preservative Treatment of 
q Various Species Proposed for Poles and 
iy Crossarms; J. D. MacLean. 15 cents, The 
4 mafiecedented drain on the nation’s sup- 
q ply of poles imposed by the war needs and 
_ the backlog of pole requirements that has 
__ been built up, coupled with the reduced 
supply of creosote, have resulted in an 
_ acute shortage of treated poles and cross- 
_ arms. The results of research by the 
i Forest Products Laboratory during the 
. past three decades have been reviewed, 
and recommendations are made in this 
_ paper for the use of alternate species, in- 
cluding spruce, Eastern white pine, Doug- 
las fir, and 11 other species. Although 
, creosote is recognized as the leading pre- 
servative, the chlorinated phenols and the 
creosote solutions provide suitable protec- 
tion when necessary penetrations are ob- 
tained. The pressure method of treatment 
is the most satisfactory because it affords 
a means of controlling the absorptions, but 
nonpressure methods may be used success- 
~ fully. Minimum net retentions of 4 to 8 
' pounds per cubic foot are specified for the 
pressure treatment of poles. The treating 
conditions and specifications for pressure 
treatment are given for the 14 alternate 
species for poles and crossarms. 


4 


46-160—Moisture Equilibrium Between 
Gas Space and Fibrous Materials in En- 
closed Electric Equipment; J. D. Piper. 
20 cents. In enclosed equipment, such as 
gas-filled transformers, the moisture con- 
centration in the gas space reaches equilib- 
rium with that in any fibrous materials 
present, The resulting vapor pressure is a 
function of the constitution, moisture con- 
centration, and temperature of the fibers, 
but, at least for paraffin-impregnated cot- 
ton, is independent of whether or not the 
fibers are impregnated. A chart, prepared 
from published literature, shows the 
equilibrium vapor pressures for cotton 
having moisture concentrations from 0.01 
to 10 per cent by weight for temperatures 
from 10 to 110 degrees centigrade. By 
multiplying the moisture concentrations by 
1.7, the same chart is approximately ap- 
plicable for kraft paper. Agreement be- 
tween the chart and experimental data for 
paraffin-impregnated cotton is shown. 
Practical uses of the chart include non- 
destructive estimation of moisture concen- 
trations in fibrous materials from the tem- 
perature of the fibers and the dew point of 
the gas. 


46-175—Co-ordination of Insulation and 
Spacing of Transmission-Line Conduc- 
tors; W. W. Lewis (F’38). 15 cents. The 
following criteria are suggested as a basis 
for the selection of minimum line insula- 
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age type of fait ‘andi immersion time were | 


tion: The 60-cycle wet flashover must 
equal or exceed the voltages expected from 
faults and switching surges; the impulse 
flashover should equal or exceed the stand- 
ard basic impulse insulation level for the 
terminal equipment. With each level of 
insulation there is a proper spacing be- 
tween conductors and to the steel structure 

_ to develop the full strength of the insulator 
‘string selected. It is proposed that the 
minimum spacing A to the steel structure 
have an impulse flashover ten per cent 
greater than the flashover of the insulator 
string. Then the horizontal spacing from 
conductor to tower when conductor is hang- 
ing vertical will be 1.5A, spacing between 
conductors in vertical arrangement will be 
2A and in horizontal arrangement 3A, ‘and 
height of ground wires above top conductors 
will be 2A. 


46-176—Six-Years’ Experience With 
Factory-Built Unit Type Substations; 
E. F. Miller (M’44), R. B. Miller (A’36). 
15 cents. This paper outlines six years of 
operating experience with factory-built 
unit type substations and their application 
in a 4-kv primary network. The results 
obtained with the use of bus regulation, 
where it has been substituted for individual 
induction feeder voltage regulators, are out- 
lined, as are also operating and main- 
tenance experience with this type of equip- 
ment. History of the distribution system 
in which these substations are used is out- 
lined, and reasons for the selection of the 
primary network type of distribution sys- 
tem and the selection of factory-built unit 
type substations are given. 


Protective Devices 


46-109—Fault Location and Relay Per- 
formance Analysis by Automatic Oscil- 
lographs; H. P. Dupuis (A’47), W. E. 
Jacobs (A’44). 15 cents. The method for 
determining the location of ground faults 
described in this paper is independent of 
generation, fault resistance, or the type of 
ground fault. This method applies par- 
ticularly to faults in a network of two or 
more parallel lines and is based on a com- 
parison of the magnitude and direction of 
ground currents in the faulted and unfaulted 
circuits. The paper describes the procedure 
in making ground current and ratio curves, 
and illustrates their application in locating 
faults and in determining critical conditions 
for relay selectivity. The summary classi- 
fies the type and cause of 256 line faults 
analyzed over a period of 5 years. 


46-134—Application Ratings of Indoor 
Power Circuit Breakers; O. B. Vikoren 
(M ’43). 20 cents. Increased cost involved 
in serving electric power to customers and 
the aim to lower rates have accelerated the 
need for most efficient utilization of existing 
generating and distribution equipment. 
This paper describes a method for loading 
power circuit breakers on a temperature 
basis for the purpose of taking advantage of 
their inherent current carrying ability. 
Several years of practical application of the 
basic theory have proved entirely satis- 
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factory on various types of electric equip- 


ment and have in many cases established — 


considerable savings on new investments. 
While these savings are less applicable to 
circuit breakers than to other major power 


equipment, their application in accordance — 


with temperature, rather than name plate 
rating, has put the use of new and existing 
facilities on an equally sound engineering 
basis. 


46-168—Low-Current Secondary Cur-_ 


rent Transformers; AJIEE subcommittee 
report. 15 cents. This paper is a report of 
a working group of the relay subcommittee, 
covering the use of current transformers 
having secondary current ratings less than 
the generally accepted 5-ampere standard. 
Applications requiring low secondary cur- 
rent ratings are considered along with the 
advantages and disadvantages resulting 


' from the use of such transformers. Con- ~ 
sideration has been given to the availability 


of equipment, such as meters, instruments, 
and relays, suitable for use with low- 


current secondary currents, as well as some — 


of the problems involved in designing equip- 
ment for this service. Where applications 
require the use of low secondary currents, 
solutions are suggested using standard 
meters, instruments, or relays employing 
auxiliary current transformers, 


46-169—Protection of Powerhouse Aux-~ 
iliaries; AIEE subcommittee report. 20 cents. 
The AIEE relay subcommittee has reviewed 
the protection of generating station auxil- 
iary power motors to obtain information on 
auxiliary power systems now in use and the 
protective methods being applied, and to 
make recommendations on preferred prac- 
tices. The paper includes a number of 
answers to a questionnaire covering data on 
supply systems used, various forms of pro- 


_tection applied, and a summary of the ex- 


perience obtained with these systems. The 
practices and experiences of several major 
companies are summarized, and preferred 
practices are recommended based on this 
experience. 


46-170—Performance Criteria for Cur- 
rent Limiting Power Fuses—I; C. L. 
Schuck (A’°39). 20 cents. This paper de- 
scribes empirical results of changes in test 
circuit variables on the interrupting 
performance of current limiting power fuses. 
The influence of generated voltage, avail- 
able current, fault starting angle, fuse 
operating time, frequency, power factor, 
and the number of phases, are appraised 
for their effect on the severity of test condi- 
tions. Reference is made to Part II of the 
paper, in which the analytical framework 
is developed, for the necessary generaliza- 
tions and extensions of the empirical data. 
Oscillograms of fuse interruption tests 
made in a short-circuit testing laboratory 
are presented to illustrate differences in 
test severity. Based on these observations, 
recommendations are made for test pro- 
cedures and conditions for establishing the 
interrupting ratings of current limiting 
power fuses. 
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46-171—Performance Criteria for Cur-— 


rent Limiting Power Fuses—I; FE. W. 
Boehne (F’43). 30 cents. This paper pre- 
sents a graphical, analytical study of the 


effect of the circuit variables upon the per-— 


formance of power fuses. The magnitude 
of the arc voltages and the time of their 
introduction following the short circuit are 
chosen to favor the performance character- 
istic of power fuses of the current limiting 
type. The analytical methods employed, 
however, as well as the general equations 
of arc energy and conductor heating pre- 
sented in the paper, are applicable to the 
general fuse problem, but particularly 
adapted to the analysis of fuse performance 
operating in low power factor single-phase 
circuits. Some of the more interesting re- 
sults of this work are confirmed by oscillo- 
grams which are discussed in paper 170. 
It is shown, for example, that maximum 
energy liberated by the power fuse is de- 
pendent upon the fault starting angle and 
is not associated necessarily with the maxi- 
mum interrupting rating of the fuse. The 
effect of circuit frequency upon the fuse 
performance is particularly interesting. 


46-172—Philosophy of Relaying; E£. W. 
Knapp (M’44), Ben C. Hicks (M’45). 20 
cents. Philosophically the electric power 
system exists to serve certain human needs, 
and it must serve them better and more 
economically than they could be served by 
other methods, or it would not be able to 
continue to exist or to grow. The rendering 
of service of the required degree of excel- 
lence, within economic limitations, is not 
an inherent attribute of the electric power 
system but is the result of sustained and 
carefully co-ordinated effort on the part of 
all concerned in the rendering of the serv- 
ice, including: 


1. Precautions taken in the design of equipment to 
make it trouble free and reliable. 


2. Precautions taken in system layout and connec- 
tions to enable service to be rendered continuously 
under adverse as well as under favorable conditions. 


3. Precautions taken in the operation and mainte- 
nance of the system to avoid unnecessary interruptions 
to service. 


46-173—Simplicity in Protective Relay- 
ing; L. F. Hunt (F’38). 20cents. Simplicity 
relay circuits and the importance of ground 
relaying are pointed out in this paper. 
Protection engineers have outgrown the 
small job of studying the behavior of relays. 
Their major task is to give customers of 
electric energy good continued service from 
an over-all system viewpoint by seeing that 
the least amount of equipment be tripped 
to isolate faulty sections. It is their duty 
to assist in over-all station and system de- 
signs that can be adapted for the ultimate 
of service with structures having the smallest 
hazards to faults. Many of the relay sys- 
tems for transmission, distribution, and 
equipment are described that have given 
almost perfect operation on the entire sys- 
tem of the Southern California Edison Com- 
pany, Ltd. 
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Safety 


46-112—Dangerous Electric. ES en 
C.F, Dalziel (M39)... 20 cents. This } ; 


Pi 
discusses lethal electric currents and their 
accompanying physiological effects, and 
interprets the data of a former AIEE paper, 
“Effect of Electric Shock on the Heart,” 


by L. P. Ferris, B. G. King, P. W. Spence, — 


and H. B. Williams, in accordance with an 
original method of analysis found useful 
by the author in his own investigations of 
“Jet-go” currents. The present analysis 
concerns itself with threshold currents likely 
to produce instantaneous electrocution in 
one half per cent of a large group of normal 


men. Although the conclusions are derived _ 


from tests made on animals, it is believed 
that the results may be indicative of what 
might be expected to occur in man. The 
majority of the work is based on experiments 
made at 60 cycles with shock durations of 
0.03 to 3.0 seconds. Predictions of lethal 
currents for both direct current and con- 
denser discharges, while more speculative 
due to the limited data available, are in- 


cluded because of their importance due to | 


the greatly increased use of d-c and elec- 
tronic equipment. Dangerous effects at 
high frequencies also are mentioned. 


46-159-ACO—Silent, Invisible Indus- 
trial Hazard; S. Reid Warren, Jr. (M417). 
20 cents. The use of X rays or gamma rays 
in industry is increasing. Adequate protec- 
tion of personnel from harmful effects of 
these radiations is of paramount impor- 
tance, particularly because these effects 
may not be evident until several months or 
years after exposure to radiation. This 
paper describes briefly some of the proper- 
ties of X rays and gamma rays, the harmful 
effects that they may produce in human 
beings, and the principles upon which the 
design of adequate protection depends. 
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L. R. Brown (M.’24) formerly manager of 
the transformer division, General Electric 
Company, Pittsfield, Mass., has been ad- 
vanced to the staff of the manager of the 
company’s central station divisions. Mr. 
Brown was graduated from the University 
of Wisconsin in 1903 and that year entered 
the employ of the company. Mr. Brown 
was made manager of distribution trans- 
former sales in 1910 and manager of the 
entire transformer division in 1923. H. F. 
McRell (A ’25) formerly assistant manager 
of the distribution transformer division, 
General Electric Company, Pittsfield, Mass., 
has become division manager. Mr. McRell 
joined the company in 1910 in Schenectady 
and in 1913 was transferred to Pittsfield 
to the transformer division. He has been 
senior transformer engineer in New York, 
St. Louis, Mo., and Chicago, Ill. In 1924 
he was made sales manager of the distribu- 
tion transformer section and in 1942 as- 
sistant manager of the transformer divi- 
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McRell’s 
Wayne as mak. 


of the Seats Union me 
St. Louis, Mo., has retir 
McClellan, a past president of 
the degrees of bachelor of 
doctor of philosophy (1903), 

engineer (1914) from the nicer? 
Pennsylvania. Before 1907 he was as- — 


sociated with the Philadelphia (Pa.) Rapid ‘ 


Transit Company and Westinghouse, — 
Church, Kerr and Company, New York, 


N. Y. Throughout his career he ae 
partner in a number of engineering firms— _ 
Campion, McClelland Company, 1907— 


15; Paine, McClelland, and Campion, 
1915-202 
1922-29; William McClelland and Com- 
pany, Ltd., 1930-33. Executive for many 
firms he was vice-president of the Cleve- 
land Illuminating Company from 1919 to 
1921 and of Stone and Webster Engineering 
Corporation from 1929 to 1933, and presi- 
dent of the Potomac Electric Power Com- 
pany from 1933 to 1939, of the Washing- 
ton Railway and Electric Company and 
from 1935 to 1940, and of the Union Elec- 
tric Company since 1939. He has served 
as director to other public utility firms. 
He is a member of the American Society of 
Mechanical Engineers, the Newcomen 
Society, the American Association for the 
Advancement of Science, and the American 
Academy of Political and Social Science. 
He also is a member of Phi Beta Kappa 
and Sigma Xi. : 


O. L. LeFever (A’10, F’44) formerly 
general superintendent, Northwestern Elec- 
tric Company, Portland, Oreg., has been 
appointed chief engineer of the company. 
Mr. LeFever was graduated from Iowa 
State College in 1906 and spent one year 
with each of the following companies: 
the Minneapolis (Minn.) General Electric 
Company; the Twin City Rapid Transit 
Company, St. Paul, Minn.; the North- 
western Bell Telephone Company, Minne- 
apolis; the Western Electric Company, 
Chicago, IIl.; and the Portland Railway, 
Light and Power Company. In 1913 
he joined the Northwestern Electric Com- 
pany as general foreman of underground 
construction. He _ successively became 
superintendent of steam distribution and 
general superintendent. Tom Perry 
(A’21) formerly assistant general superin- 
tendent of the plant department succeeds 
Mr. LeFever as general . superintendent. 
Mr. Perry joined the Northwestern com- 
pany as assistant superintendent of Port- 
land stations in 1919. 
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A. L. Samuel (M’34) formerly electronic 


_ research engineer, Bell Telephone Lab- 


oratories, Inc., New York, N. Y., has been 
appointed professor of electrical engineering 
at the University of Illinois, Urbana. Doc- 
tor Samuel received the degree of bachelor 
of arts from the College of Emporia in 1923, 
and the bachelor of science degree in 1925 
and master of science degree in 1926 from 
Massachusetts Institute of Technology. 
Recently he was awarded the hon- 
orary degree of doctor of science by the 
College of Emporia. After two years, 
from 1925 to 1927, as instructor of elec- 
trical engineering at Massachusetts In- 


_ stitute of Technology, Cambridge, Doc- 


tor Samuel became a member of the tech- 
nical staff of Bell Laboratories. He has 
been active in the development of gas 
rectifiers, thyratrons, and vacuum tubes 
for use at ultrahigh frequencies and has 
many technical papers and patents to 
his credit.. He is a member of the Ameri- 
can Physical Society, the American As- 
sociation for the Advancement of Science, 
and the Institute of Radio Engineers. 


Theodore Braaten (A °22, M °31) for- 
merly lieutenant colonel, United States 
Army, has been appointed general man- 
ager of the Gas and Electric Department of 
Norwich, Conn. After his graduation 
from the Massachusetts Institute of Tech- 
nology, Cambridge, in 1920, Mr. Braaten 
taught there for one year and then spent a 
year investigating hydroelectric facilities 
in Norway. Later he was connected with 
the Public Service Company of Northern 
Illinois, the Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa., and Bos- 
ton Mass., and the Boston Edison Company. 
Having served as a lieutenant of field ar- 
tillery in World War I, he entered the Army 
in 1942 as a captain. Overseas he was 
assigned to Supreme Headquarters of the 
Allied Expeditionary Forces and was re- 
sponsible for restoration of public utilities 
in Holland and Germany. Later he was 
titled chief of public utilities, SHAEF 
Mission, Norway. 


Bernard Hague (M’30) formerly lec- 
turer on electrical engineering, Univer- 
sity of Glasgow, Scotland, has been ap- 
pointed to the James Watt Chair of Elec- 
trical Engineering at the University of 
Glasgow. Doctor Hague holds the degrees 
of bachelor of science (1913), master of 
science (1919) and doctor of science (1927) 
from the University of London and the 
doctor of philosophy degree (1926) from 
the University of Glasgow. In 1916 he be- 
came a technical assistant in the physics 
research department of the Royal Aircraft 
Establishment, Farnborough, and relin- 
quished this position to become a lecturer 
at the City and Guilds College, London, in 
1920. He joined the faculty of the Uni- 
versity of Glasgow in 1923 as lecturer in 
electrical engineering. In 1929 and 1930 
he was visiting professor at the Polytechnic 
Institute of Brooklyn, New York, N. Y. 
Doctor Hague has published a number of 
books and many technical articles. 
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J. W. Sheffer (A’10, M’13) formerly 
general electrical engineer, improvement 
department, American Car and Foundry 
Company, New York, N. Y., has been 
appointed general improvement engineer. 
Mr. Sheffer holds the degrees of mechanical 
engineer (1907) from Cornell University 
and master of arts (1933) from Columbia 
University. He joined the company in 
1908 at Berwick, Pa., where he successively 
was electrical engineer and assistant to the 
general superintendent and plant engineer. 
In 1926 he was transferred to New York 


where he has been occupied with improve- ° 


ment and development problems. He is a 
member of the American Welding Society 
and the Association of Iron and Steel 
Engineers. H. F. Schwarting (A’16, 
M ’21) formerly field engineer, improve- 
ment department, has been appointed 
general electrical engineer with head- 
quarters in St. Louis, Mo. 


Jj. F. Calvert (A’27, F’45) chairman of 
electrical engineering department, North- 
western Technological Institute, Evanston, 
Ill., has received a letter of commendation 
from the United States Navy for planning 
and directing construction of the Pearl 
Harbor demagnetization station at which 
warships were treated electrically for pro- 
tection against mines. The letter praised 
Professor Calvert as follows: ‘‘Through 
your devotion to duty, tireless effort, and 
acceptance of personal risk during and 
following the attack on Pearl Harbor, this 
station was completed by the summer of 
1942, and remains the finest in all of the 
Pacific ocean areas. May it continue to 
serve .... as a constant testimonial to 
your exceptional engineering accomplish- 
ments.” 


H. L. Rusch (A’24) formerly executive 
vice-president, A. C. Nielsen Company, 
Chicago, IIll., now is associated with the 
Public Opinion Index for Industry, a di- 
vision of the Opinion Research Corpora- 
tion, Princeton, N. J. Mr. Rusch was 
graduated from the University of Wisconsin 
in 1923 and, after a four-year association 
with the Nielsen company, joined the 
Johns-Manville Corporation, New York, 
N. Y., in 1928 as supervisor of its technical 
data and performance report section. In 
1933 he was made vice-president and 
Eastern manager of the Northern Pump 
Company, New York, N.Y. He re- 
joined the Nielsen company in 1937 and 
in 1938 was elected vice-president. 


A. W. Ray (A’19, M’45) manager of the 
service department, Reliance Electric and 
Engineering Company, Cleveland, Ohio, 
has retired. Mr. Ray was born in Rock- 
port, Ohio, and attended Ohio State 
University. The second employee to be 
hired by the Reliance company when it 
was organized in 1905, Mr. Ray has been 
design draftsman, chief draftsman, acting 
chief engineer, and senior design engineer. 
He was appointed manager of the service 
department in 1923. 
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G. E. Sangster (A ’43) recently lieutenant 
in the United States Naval Reserve, has 
been appointed sales development engi- 
neer by Sangamo Electric Company. He 
is a graduate of both Benjamin Franklin 


_ University and George Washington Uni- 


versity and previously was valuation engi- 
neer with the Potomac Electric Power 
Company, Washington, D. C. 


F. B. Powers (M37) overseas traction 
manager, Westinghouse Electric Interna- 
tional Company, New York, N. Y., has re- 
signed to become vice-president in charge of 
operations and engineering of all divisions 
of Great American Industries. Mr. Powers 
will supervise production activities of the 
Connecticut Telephone and Electric divi- 
sion, Meriden, Conn.; Virginia Rubatex 
division, Bedford, Va.; the Rex division, 
New Rochelle, N. Y.; the War LaFrance 
division, Elmira, N. Y.; and the Rutland, 
Vt., division. 


Albert Preisman (M ’41) formerly direc- 
tor of engineering texts and consulting engi- 
neer, Capitol Radio Engineering Institute, 
Washington, D. C., has been appointed 
vice-president in charge of engineering. 
Mr. Preisman, who holds the bachelor of 
arts and electrical engineering degrees 
from Columbia University, has been with 
the Radio Engineering institute since 1943. 
Previously he was senior engineer with 
Federal Telephone and Radio Corporation. 


W. R. Hutchins (A ’42) who for the past 
several years has been associated with 
Major Edwin H. Armstrong in research 
and development work on frequency modu- 
lation and radar at Columbia University, 
New York, N. Y., and in Alpine, N. J., has 
been appointed manager of frequency 
modulation broadcasting activities of 
E. Anthony and Sons, New Bedford, Mass. 


I. C. Eppley (A ’43) formerly supervisor of 
electrical engineering, Dayton (Ohio) 
Power and Light Company, has been made 
assistant manager of the electrical engi- 
neering division. Mr. Eppley joined the 
company in 1924 as assistant electrical engi- 
neer. H. E. Deardorff (A’37) formerly 
supervisor, system planning engineering, is 
now manager of the electrical planning de- 
partment. 


F. E. Baker (A ’40) formerly section engi-~ 
neer in the distribution transformer engi- 
neering division, Westinghouse Electric 
Corporation, Sharon, Pa., has been ap- 
pointed section engineering manager in the 
newly created specialty transformer de- 
partment at Sharon. Mr. Baker joined the 
Westinghouse corporation as design engi- 
neer after his graduation from Bucknell 
University in 1925. He became section 
engineer in 1940. 


E. M. Haacke (A’45) formerly associate 
editor of Electrical News and Engineering, 
Toronto, Ontario, Canada, has been ap- 
pointed editor. Mr. Haacke was graduated, 
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from Queens University in 1942, and from 
1942 to 1944 served as navigator and radar 
officer in the Royal Canadian Air Force. 
He joined the staff of Electrical News in 
1945. 


_M. W. Locke (M ’44) chief engineer of the 
Powerton station of the Commonwealth 
Edison Company, Chicago, Ill., has been 
appointed superintendent of the superpower 

’ department. He will continue in his pres- 

ent position and in addition have charge 

of the transmission and construction divi- 

sion of the superpower department. 


J. W. Pomazal (A ’40) formerly engineer 
in the engineering department, Kurz and 
Root Company, Appleton, Wis., has been 
named sales engineer in charge of all sales 
activities. Mr. Pomazal, who joined the 
company in 1945, previously was associated 
with Louis-Allis Company, Milwaukee, Wis. 
He is a member of the Engineers Society of 
Milwaukee. 


R. H. Porterfield (A’44) resident field 
engineer, Allis-Chalmers Electrical Manu- 
facturing Company, Providence, R. I., 
has been appointed manager of a new 
branch office of the company in Providence. 
Mr. Porterfield, who has been with the 
Allis-Chalmers company since 1939, is a 
graduate of the University of Nebraska. 


Joseph Slepian (A’17, F’27) associate 
director of research, research laboratories, 
Westinghouse Electric Corporation, East 
Pittsburgh, Pa., recently received a 1945 
fellow award of the Institute of Radio 
Engineers ‘“‘in recognition of his contribu- 
tions as scientist, engineer, and inventer to 
the field of electronics.” 


C. W. Hansell (A’23, M’44) research 
supervisor, transmission, RCA Laboratories, 
Radio Corporation of America, Rocky 
Point, N. Y., recently received a 1945 
fellow award of the Institute of Radio Engi- 
neers “‘for his pioneer work in the develop- 
ment and application of equipment for the 
ever higher frequencies employed for radio 
communication.” 


A. L. Samuel (A ’34) electronic research 
engineer, Bell Telephone Laboratories, 
Inc., New York, N. Y., recently received a 
1945 fellow award of the Institute of Radio 
Engineers ‘‘for his fundamental work in the 
field of electronic reesarch and for develop- 
ment of electronic devices of particular 
value at very high frequencies.” 


F. J. Given (A’28) engineer, apparatus 
development department, Bell Telephone 
Laboratories, Inc., New York, N. Y., has 
assumed the additional duties of transmis- 
sion apparatus engineer and as such will 
have charge of work on transmission trans- 
formers and power apparatus. 


J. D. Lawrence (A’25) formerly district 
manager, Logan, W. Va., has been ap- 
pointed assistant division manager of the 
Roanoke division of the Appalachian Elec- 
tric Power Company, Roanoke, Va. Mr. 
Lawrence, who has been with the company 
since 1923, has been district manager at 
Logan since 1943. 
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J. J. Conners (A ’40) formerly general sales 
manager, Irvington (N. J.) Varnish and 
Insulator Company, has been appointed 
vice-president and sales manager of the 
Bishop Gutta Percha Company, New York, 
N. Y., and the Peters Manufacturing Com- 
pany, Wollaston, Mass. 


R. W. Raine (A°42) formerly manager of 
the electrical design department, Robert 
and Company, Eglin Field, Fla., has joined 
the firm of Edward D. de Luca and Asso- 
ciates, consulting engineers, Jacksonville, 
Fla., as head of the electrical design de- 
partment. 


L. E. Hildebrand (M’21) formerly elec- 
trical engineer, General Electric Com- 
pany, Lynn, Mass., has been appointed 
assistant designing engineer of the motor 
engineering division. Mr. Hildebrand has 
been with the company at Pittsfield and 
Lynn, Mass., since 1913. He is a grad- 
uate of Oklahoma Agricultural and 
Mechanical College. 


J. M. Evans (A ’20, M ’28) electrical engi- 
neer with the United States Army Engi- 
neers, San Francisco, Calif., has been 
named supervising electrical and me- 
chanical engineer for the Navy Bureau of 
Yards and Docks and as such will have 
supervision over installations in the 11th 
and 12th Districts which comprise Cali- 
fornia, Nevada, and Utah. 


H. E. Hill (A’31) formerly lieutenant 
colonel, United States Army, has returned 
to Bell ‘Telephone Laboratories, Inc., New 
York, N. Y. Colonel Hill at various times 
was stationed in Aberdeen, Md., Fort 
Bliss, Tex., Hawaii, and at the headquar- 
ters of the Central Pacific Base Command. 


A. C. Schwager (A’24, F’44) formerly 
vice-president and chief engineer of the 
Pacific Electric Manufacturing Corpora- 
tion, San Francisco, Calif., has accepted 
the position of president of the Schwager- 
Wood Corporation, Portland, Oreg., spe- 
cializing in the manufacture of high volt- 
age airbreak switches. 


A. B. Paterson (M’22) president, New 
Orleans (La.) Public Service Company, 
has been awarded the New Orleans 
Times-Picayune loving cup “in recogni- 
tion of his 15-year record of civic services” 
to his community. 


L. B. Potter (A’45) formerly field engi- 
neer, The Detroit (Mich.) Edison Com- 
pany, has been appointed utilization equip- 
ment and primary supply engineer of 
system engineering. Mr. Potter entered 
the employ of the company in 1928. 


R. P. Lapsley (A’38, M’45) lieutenant 
colonel, United States Army Engineers, 
has been presented with the Legion of 
Merit for his outstanding performance of 
services as chief, Electrical and Utilities 
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Service Section, Engineering Division, of 
the South Atlantic Division. 


James Bisset (A ’28) assistant superintend- 
ent of the meter bureau, Consolidated 
Edison Company of New York, Inc., 
Flushing, N. Y., has retired. Mr. Bisset 
had been with the company since 1910. 


N. B. Phillips (M’34) formerly superin- 
tendent of the testing laboratory and serv- 
ices, Buffalo (N. Y.), Niagara Electric 
Corporation, has been appointed superin- 
tendent of the meter department. Mr. 
Phillips joined the company in 1909. 


W. R. Le Page (A’34, M’44) formerly 
assistant director, radiation laboratory, 
Jobns Hopkins University, Baltimore, Md., 
is now senior research engineer, Stromberg- 
Carlson Company, Rochester, N. Y. 


C. G. Suits (M’41) vice-president and 
director of research laboratory, General 
Electric Company, Schenectady, N. Y., 
has been elected a member of the National 
Academy of Sciences. 


W. J. Gilson (A’26, M’38) general 
manager, Eastern Power Devices, Ltd., 
Toronto, Ontario, Canada, has been ap- 
pointed vice-chairman of the Canadian 
Council of Professional Engineers and 
Scientists. 


W. R. Harmer (A’37, M ’*44) supervising 
industrial engineer, sales promotion de- 
partment, Hydro-Electric Power Com- 
mission of Ontario, Toronto, Canada, has 
been elected secretary of the Association of 
Municipal Electrical Utilities. 


H. G. Sherlock (A’39) formerly equip- 
ment engineer, Mountain States Tele- 
phone and Telegraph Company, Denver, 
Colo., has been appointed equipment and 
building engineer. Mr. Sherlock joined 
the company in 1926. 


J. E. Lawson (A’22) vice-president and 
general manager, executive department, 
Canadian Niagara Power Company, Ltd., 
Niagara Falls, Ontario, has been elected a 
director of the company. 


G. R. Mezger (A °37) formerly commander 
in the United States Navy, has rejoined the 
Allen B. DuMont Laboratories, Inc., Pas- 
saic, N. J., as manager of instrument sales. 
He entered the Navy in 1941 as lieutenant, 
junior grade. 


R. G. McCurdy (A 16, F 34) director of 
electric apparatus development, Bell Tele- 
phone Laboratories, Inc., New York, N. Y., 
has added the supervision of groups on elec- 
trical measurements and magnetic studies 
and applications to his duties. 


K. T. Compton (F ’31) president, Massa- 
chusetts Institute of Technology, Cam- 
bridge, recently was awarded the Medal of 
Merit ‘‘for outstanding services to his 
country” in the development of microwave 
radar. 
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F. D. Newbury (A’07, F°21) vice-presi- _ 
_ dent of Westinghouse Electric Corpora- 
_ tion, Pittsburgh, Pa., has been elected a 


‘member of the board of directors of the 


- . company. — 
aS 


_F. E. Terman (A 23, F’45) dean of en- ~ 


gineering, Stanford University, Stanford 
University, Calif., recently was elected to 
the National Academy of Sciences. 


G. C. Hyde (A’11) president, Louisiana 
Public Utilities Company, Inc., Dallas, 
Tex., has been elected president of the 
Gulf Public Service Company, Inc., New 
Iberia, La. 


N. R. Gibson (M32) vice-president, 
Buffalo (N. Y.), Niagara, and Eastern 
Power Corporation, has been elected a 
director of the Canadian Niagara Power 
Company, Ltd. 


Hugh Jack (A’21) chief of the a-c en- 
gineering department, British Thomson- 
Houston Company, Ltd., Rugby, Eng- 
land, has become a director of the com- 
pany. 


Vannevar Bush (A’15, HM’45) director 
of the Office of Scientific Research and 
Development, and president of the Car- 
negie Institution, Washington, D. C., re- 
cently was awarded the Public Welfare 
Medal of the National Academy of Sciences. 


A. A. Schuhler (A’19, M’27) formerly 
commercial engineer, Federal Telephone 
and Radio Corporation, Newark, N. J., 
has been appointed New York (N. Y.) 
branch manager, Stanley and Patterson 
division, Faraday Electric Corporation. 


F. D. Newbury (A’07, F’21) vice-presi- 
dent, Westinghouse Electric Corporation, 
Pittsburgh, Pa., has been elected a member 
of the company’s board of directors. 


F. E. Harrell (A ’26, F ’40) general works 
manager, The Reliance Electric and 
Engineering Company, Cleveland, Ohio, 
has been elected a member of the board of 
directors of the company. 


A. C, Streamer (A’10, M41) vice-presi- 
dent, Westinghouse Electric Corporation, 
Pittsburgh, Pa., recently was awarded the 
honorary degree of doctor of engineering, 
by the University of Colorado from which 
he was graduated in 1907. 


Rufus Moses (A ’28, M °42) formerly divi- 
sion manager of the Pennsylvania Power 
Company, Sharon, is now Youngstown divi- 
sion manager for the Ohio Edison Com- 
pany. Mr. Moses had been with the 
Pennsylvania company since 1926. 


F. M. Oglee (A ’41) formerly Philadelphia 
(Pa.) district manager, Trumbull Electric 
Manufacturing Company, has been ap- 
pointed manager of sales in the company’s 
Norwood, Ohio, plant. Mr. Oglee has 
been with the company since 1929. 


B. F. Campbell (A ’30) recently lieutenant 
commander in the United States Navy, has 
returned to the Philadelphia (Pa.) office 
of the Rumsey Electric Company as sub- 
station and transmission engineer. 
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C. S. Redding (A’12, M’41) president, 
Leeds and Northrup Company, Philadel- 


phia, Pa., has been elected a director of the | 
‘Philadelphia Electric Company. He is 


also president of the Franklin Institute. 


H. B. Bryans (M’17, F’18) executive 
vice-president of the Philadelphia (Pa.) 
Electric Company, recently was elected 
president of the, Electrical Association of 
Philadelphia. 


J. F. Gogins (A’40) manager, apparatus 


department, General Electric Company, 


Spokane, Wash., has been elected to the 
executive committee of the Spokane 
Chamber of Commerce. 


E. W. Loomis (A’19) district manager, 
Westinghouse Electric Corporation, Phila- 
delphia, Pa., has been elected vice-presi- 
dent of the Philadelphia Electric Associa- 
tion. 


W.K. Scott (A’42, M ’44) formerly assist- 
ant chief electrician, Columbia Steel Com- 
pany, Pittsburg, Calif., has been appointed 
electrical supervisor of new construction. 


F. A. Lewis (M 735) vice-president, Hooton — 


Chocolate Company, Newark, N. J., has 
been elected a director of the company. 


S. R. Inch (A ’04, F ’38) formerly president 
of Ebasco Services, Inc., New York, N. Y., 
is now vice-chairman of the company. 


J. I. West (A ’26) district manager, Litch- 
field (Conn.) Electric. Light and Power 
Company, since 1923, has resigned. 


OBITUARY 


Frank Alfred Wolff (A ’99, M °34) retired 
principal telephone -engineer, National 
Bureau of Standards, Washington, D. C., 
died March 28, 1946. Doctor Wolff, who 
was born April 8, 1871, in Baltimore, Md., 
received the degrees of bachelor of arts in 
1890 and doctor of philosophy in 1893 from 
Johns Hopkins University. Following that 
he spent a year studying at the University 
of Leipzig in Germany. In 1894 he joined 
the Bureau of Soils of the Department of 
Agriculture in Washington as _ expert 
physicist. He first became associated with 
the Office of Standard Weights and Meas- 
ures, later the Bureau of Standards, in 1897 
as a verifier. From 1894 to 1898 he also 
was professor of physics and electrical engi- 
neering at Columbia University. Doctor 
Wolff successively was associate physicist, 
physicist, and senior physicist, and in 1915 
became chief of the telephone section. In 
1938 he was titled principal telephone engi- 
neer, and in 1941 he retired. He was con- 
cerned particularly with the establishment 
of the present system of international elec- 
trical units and published many technical 
papers. He was detailed to the Federal 
Communications Commission from 1935 to 
1937. Doctor Wolff was an expert on valua- 
tion of currency and in this connection ap- 
peared several times as a witness in Senate 
hearings. He was a member of the AIEE 
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committee on communication from 1918 
to 1941. ; 
' 


Walter C. Dixon (M 36) of the engineering 


department of the Central New York Power 
Corporation, Syracuse, died February 28, 
1946. Mr. Dixon was born in Warner, — 
N. Y., June 24, 1887, and was graduated 
from Syracuse University in 1909. His first 
position was that of draftsman for the 
Gould Coupler Company, Depew, N. Y. 
Except for a period in 1914 and 1915 dur- 
ing which he was employed by the Du- 
quesne Light Company, Pittsburgh, Pa., 
on the design of substations, he was asso- 
ciated with the Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa., from 1912 to 1934. He was in the 
switchboard engineering department untilin 
1922 he was transferred to the general engi- 
neering department. In 1926 he was sta- 
tioned in St. Louis, Mo., as general engi- 
neer for the company. He became utilities 
engineer in the Department of Public 
Utilities of the City of Memphis, Tenn., in 
1934 and was transferred to the Memphis. 
Light and Water Division in 1936. Mr. 
Dixon entered the engineering department 
of the Central New York Corporation in 
1937. 


Byron W. St. Clair (A’°17, M24) presi- 
dent and treasurer, Mico Instrument Com- 
pany, Cambridge, Mass., died April 4, 
1946. Mr. St. Clair was born March 14, 
1892, and commenced his career in the 
meter department of the Louisville (Ky.) 
Gas and Electric Company in 1911. He 
changed position in 1912 to become tester 
and laboratory assistant with the General 
Electric Company, West Lynn, . Mass., 
remaining there until he was commissioned 
ensign in the United States Naval Reserve 
in 1918. Upon his return to the General 
Electric Company in 1919 he was made 
engineer in charge of the standardizing 
laboratory and held this position until 1937. 
He was appointed president of the Mico 
Instrument Company in 1937 and treas- 
urer in 1944. He formerly served on the 
AIEE committee on instruments and 


measurements. , 


Samuel Charles Margolin (A ’32) assistant 
electrical engineer, Board of Transporta- 
tion, City of New York, N. Y., died 


January 3, 1946. Born February 5, 1903, 


in Russia, Mr. Margolin was graduated 
from the College of the City of New York 
with the degree of bachelor of science in 
1923. In 1924 he received the degree of 
electrical engineer from the Polytechnic 
Institute of Brooklyn. After a year as 
laboratory assistant for the Freed-Eismann 
Corporation, New York, he became junior 
draftsman with the Board of Transporta- 
tion in 1926. He was made junior elec- 
trical engineer in 1927 and assistant elec- 
trical engineer in 1930. 


Harry Lee Thomson (A’21) meter and 
appliance engineer, Hartford (Conn.) 
Electric Light Company, died March 24, 
1946. Mr. Thomson was born February 17, 
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1887, in Thomson, N. Y. He finished a 
special electrical course at Rensselaer Poly- 
technic Institute in 1907 and the college 
- course at the General Electric Company, 
Lynn, Mass., in 1910. He became assistant 
to the superintendent of lighting for the 
Hartford company in 1910 and superintend- 
ent of lighting in 1918. In 1933 he was 
appointed meter and appliance engineer. 
He was active on technical committees of 
the Edison Electric Institute and the Asso- 
ciation of Edison Illuminating Companies, 
and on the AIEE committee on instruments 
and measurements from 1931 to 1942. 


Mathias W. F. Zimmermann (M ’43) 


electrical designer, Calco Chemical Divi- 


sion, American Cyanamid Company, 
Bound Brook, N. J., died March 23, 1946. 
Mr. Zimmermann, who was born June 17, 
1910, in Weehawken, N. J., studied at 
Rutgers University. He was electrical 
draftsman in the plant engineering depart- 
ment of the General Cable Corporation, 
New York, N. Y., from 1928 to 1935. In 
1935 he joined the American Cyanamid 
Company as electrical designer. 


MEMBERSHIPeee 


Recommended for Transfer 


The board of examiners, at its meeting of May 16, 
1946, recommended the following members for trans- 
fer to the grade of membership indicated. Any ob- 
jections to these transfers should be filed at once with 
the secretary of the Institute. 


To Grade of Fellow 


Bettannier, E. L., gen. mgr. & chief engr., Municipal 
Lt. & Pr. Dept., Pasadena, Calif. 

Eastman, A. V., prof. of elec. engg., Univ. of Wash- 
ington, Seattle, Wash. 

Krupy, A. J., sr. engr., Commonwealth Edison Co., 
Chicago, Ill. 

Lomax, C. E., dev. engr., Automatic Elec. Co., Chi- 
-cago, Ill. 

Parker, R. D., telegraph dev. director, Bell Telephone 
Labs., Inc., New York, N. Y. 

Starr, J. H., dev. & mfgr. of elec. equip., 345 N. 
Spring Ave., LaGrange, III. 

Winograd, H., engr. in charge, rectifier div., Allis- 
Chalmers Mfg. Co., Milwaukee, Wis. 


7 to grade of Fellow 


To Grade of Member 


Atwood, A. W., Jr., elec. engr., Southern Calif. 
Edison Co., Los Angeles, Calif. 

Berry, M. D., chief engr., Leland Electric Can., Ltd., 
Guelph, Ont., Can. 

Cowgill, H. A., vice-pres. & div. mgr., Ohio Public 
Service Co., Port Clinton, Ohio 

Dunlop, C. E., elec. supt., Perron Gold Mines, Ltd., 
Perron, Que., Can. 

Ehret, E. L., dist. engr., Westinghouse Lamp Div., 
St. Louis, Mo. 

Erwin, R, A., elec. engg. assoc., Dept. of Water & 
Pr., Los Angeles, Calif. 

Ewald, E., traveling dist. engr., Northern States Pr. 
Co., Minneapolis, Minn. 

Feist, D. N., asst. chief engr., Warner Elevator Mfg. 
Co., Cincinnati, Ohio 

Groncki, J. J., design engr., General Elec. Co., Lynn, 

ass. 
Hale, K. M., test engr., Gas Turbine Lab., U.S. Naval 
Engg. Experiment Station, Annapolis, Md. 
Halloran, J. J., production engr., Electro LUngg. 
Works, Oakland, Calif. 

Hunt, R. M., requisition engr., General Elec. Co., 
Pittsfield, Mass. 

Kaufmann, H. A., elec. insp. & layout, National Cash 
Register Co., Dayton, Ohio 

Koch, C. R., cons. elec. engr., 2690 Marty Way, 
Sacramento, Calif. 

Lott, H. A., operating engr., Southern Calif. Edison 
Co., Ltd., Los Angeles, Calif. 

Macintyre, J. R., dev. engr., General Elec. Co., Lynn, 

ass. 

Macphearson, J. F., proposition engr., General Elec. 
Co., Lynn, Mass. 

Maloney, F. V., production engr., Texas Co., Los 
Angeles, Calif. 
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Matthews, N. W., engr., head, control systems subsec- 

_ tion, U. S. Naval Lab., Washington, D. C 

Mead, M. S., Jr., asst. div. engr., general en 
cons. lab., General Elec. Co., Schenectady, 


Bye 
Miller, C. R., supt., water & elec. dept., Village of 
Winnetka, Winnetka, Ul. Pee iin re 
Milner, M. L., Jr., asst. elec. engr., Illinois Pr. Co., 

Decatur, Ill. 3 ‘—. Th 
Mitchell, J. E. M., elec. engr., Porcelain Products, 
Inc., Parkersburg, W. Va. { 

Moody, W. S., elec. engr., General Elec. Co., Los 
Angeles, Calif. e 5 5 
Phillips, G. H., engr., elec. conductor div., Aluminum 

o. of America, Pittsburgh, Pa. 

Rives, G. S., mgr., H. A. Kuljian & Co., Engrs., Los 
Angeles, Calif. : 

Sandlin, D. S., elec. engr., Dow Chemical Co., Free- 
port, Tex. i 

Sickel, E. C., substation elec. engr., Northern States 
Pr. Co., St. Paul, Minn. = 

Speer, P. B., elec. engr., engg. dept., Northern States 
Pr. Co., Minneapolis, Minn. y 

Stehlik, R. F., chief engr., Automatique Electrique, 
S. A., Antwerp, Belgium 

Tandberg, L. G., branch mgr., Wagner Elec. Corp., 
Los Angeles, Calif. . 

Wages, R. W., div. ind. pr. engr., Georgia Pr. Co., 
Columbus, Ga. - 

Weinstein, H. L., elec. designer, A. Yarus & Sons, 
Inc., Philadelphia, Pa. . 

Whittenton, J. M., asst. design engr., elec. instrument 
div., General Elec. Co., Lynn, Mass. i 

Winchester, L. V., engr., Bucyrus-Erie Co., So, Mil- 
waukee, Wis. 

Worthen, P. A., General Elec. Co., cent. sta. engg., 
Salt Lake City, Utah 


36 to grade of Member 


Applications for Election 


Applications have been received at headquarters 
from the following candidates for election to member- 
ship in the Institute. Any member objecting to the 
election of any of these candidates should so inform 
the secretary before July 15, 1946, or September 15, 
1946, if the applicant resides outside of the United 
States or Canada. 


‘To Grade of Fellow 


Grosch, H., Norges Elektriske Materiellkontroll, Oslo, 
Norway 


1 to grade of Fellow 
To Grade of Member 


Alvarez S., S., Empresa Nacional Calvo Sotelo, Ma- 
drid, Spain 7 
ae, & H., Jr., General Elec. Co., Schenectady, 


Ayre, J., Naval Ordnance Depot, York, Pa. 

Bennett, G. L., General Elec. Co., Schenectady, N. Y. 

Braisted, L., Braisted and Bair, Detroit, Mich. 

Bullwinkle, R., Texas Utilities Company, Dallas, Tex. 

Burdette, ie W., J. E. Sirrine & Co., Greenville, S. C. 

Carter, G. W., University of Oxford, Oxford, England 

Davis, H. U., American Tel. and Tel. Co., Philadel- 
phia, Pa. 

Dillon, J. P., Public Service Co. of Ind., Inc., Indi- 
anapolis, Ind. 

Dresser, D, S., Chicopee Mfg. Corp. of N. H., Man- 
chester, N. H. 

Duvander, B. H., Clyde E. Bentley, Oakland, Calif. 

Righmaas, A. W., Glenn L. Martin Co., Baltimore, 

d 


Eason, W. H., General Elec. Co., Pittsfield, Mass. 

Gay, H. M., Oklahoma Gas and Elec. Co., Oklahoma 
City, Okla. 

Goodison, A. M., Jr., Westinghouse Elec. Corp., E. 
Pittsburgh, Pa. 

Halsey, T. R., Halsey & Royer, San Antonio, Tex. 

Be Pa F., New York Naval Shipyard, Brooklyn, 


Hayward, D. W., Orlando Power Station, Johannes- 
burg, South Africa 

ci V8 ag W. A., Consumers Power Co., Flint, 

ich. 

Hills, D. A., The Austin Co., New York, N. Y. 

Hollaway, R. B., The B. F. Goodrich Co., Borger, 
Tex, 

Hotchkiss, C., Perfex Corp., Milwaukee, Wis. 

Howard, R. V., The Associated Broadcasters, Inc., and 
Universal Research Labs., San Francisco, Calif. 

sata E G., General Elec. Co., Schenectady, N. Y. 

Kelley, H. W., Rural Electrification Administration, 
Washington, D. C. 

Dieters J. R., Naval Ordnance Lab., Washington, 


Longmire, H, E., General Elec. Co., Detroit, Mich. 

Lundberg, O. C., Capitol Elec. Go., San Diego, Calif. 

Luttropp, E. S., 18 Lincoln Blyd., Hempstead, N. Y. 

Mac Donald, M., Crane Co., Chicago, II. 

Mackenzie, A. E., E. A, Schmidt & Co., St. Louis, Mo. 

McBain, K. W., British Thomson-Houston Co, Ltd., 
Rugby, England 

Mc pg yD R., Westinghouse Elec. Corp., Louis- 
ville, Ky. 

McKeel, Ma. National Carbon Co., Inc., Cleve- 
land, Ohio 


Institute Activities 


“Wood, E. K., Westinghouse Elec. Corp., E. Pittsburgh, 


Reisinger, E 
Ryan, R. E f 
_ Camden, N. J. 
Rystedt, S._E., 
Dover, N. J. ' 
Schehl, C. A., General Elec. Co., Pp 
Smith, R. J., Transcontinental and 
‘Kansas City, Mo. Sg aoe 
Sparke, H., Kirklee’s Ltd., Tottington, Bury, 
England f , Naty 
M., Westinghouse Elec. Corp., Atlanta, ( 


Staples, J. c : , 
Stone, *) G., Sr., Tennessee Eastman Co Kac 
ville, T: aa > 


enn. 
H. C., J. E. Sirrine & Co., Greenville, | 
: a Oliver Iron Mining Co., Di 


Swannell, 
Schwedes, 


Ward, J. E 
Watson, J. G. 
ton, D. C. a 2 
Weathers, L. C., Vickers, Inc., Detroit, Mich. a. 
Werthmann, F. J., Werthmann Radio Company, — 

Seattle, Wash. i. 
Williamson, J. A., Hydro-Elec. Comm. of Niagara 

Falls, Niagara Falls, Ont., Can. a 
Withey, R. B., Consumers Power Co., Flint, Mich. = 
Wilson, J. M., Minneapolis Honeywell Reg. Co., — 

Minneapolis, Minn. 


Pa. ’ P 
Zeh, G. J., U.S. Navy Department, Portland, Oreg. 
sae The Cormaisasveslh and Southern Corp., 

Birmingham, Ala. 
60 to grade of Member 


To Grade of Associate 


United States and Canada 


1. Nortu EasteERN 


Akeley, L. T., General Elec. Co., West Lynn, Mass. 

Alspach, P. H., General Elec. Co., Schenectady, N. Y- 

Andrews, G. M., General Elec. Co., Schenectady, 
6 


N.Y. 
Barnhart, S. S., Jr., General Elec. Co., Schenectady, 
N.Y 


a 4 
Bartlett, G., General Elec. Co., Schenectady, N. Y. A 
Battista, L. M. (Re-election), Children’s Village, Hart- 

ford, Conn. 1 
Bishop, H. M., Raytheon Mfg. Co., Waltham, Mass. . 
Briggs, R. H., Eastman Kodak Co., Rochester, N. Y. 
Chang, N., General Elec. Co., Schenectady, N. Y. : 
Clark, R. F., Westinghouse Elec. Corp., Boston, Mass. j 
eee R. M., General Elec. Co., Schenectady, ’ 


Dimond, HL M., General Elec. Co., Schenectady, 
N.Y 


Egnor, Ww. D., General Elec. Co., Schenectady, N. Y- 
Fomenko, J. C., General Elec. Co., Schenectady, N. Y. 
Harriet D. B., General Elec. Co., Schenectady, 


Hart, W. E, Westinghouse Elec. Corp., Boston, Mass. 

Headeren, S. D., Westinghouse Elec. Corp., Boston, 
ass. 

Lege M., Buffalo Niagara Elec. Corp., Buffalo, 


Johnston, D., Jr., Sunshine Laundry Co., Hartford, 
onn. 

Leonard, E. H., Jr., Simplex Wire and Cable Co., 
Cambridge, Mass. 

Lundberg, J. E., General Elec. Co., W. Lynn, Mass. 

Luraschi, C. D., Buffalo Niagara Electric Corp., 
Buffalo, N. Y. 

Martz, S. G., General Elec. Co., Schenectady, N. Y. 

Metz, E., Bryant Elec. Co., Bridgeport, Conn. 

Miller, E. H. (Re-election), W. P. Creager, Consulting 
Engr., Buffalo, N. Y. 

Mitropoulos, T. N., Simplex Wire and Cable Co., 
Cambridge, Mass. 

paenrnns M., Jr., General Elec. Co., Schenectady, 


Olson, S. E., Mass. Inst. of Tech., Gambridge, Mass. 
Phillips, C. H., Eastman Kodak Co., Rochester, N. Y. 
Pierce, J. L., Harvard University, Cambridge, Mass. 
A ee E., Buffalo Niagara Elec. Corp., Buffalo, 
Prentice, W. H., General Elec. Co., Boston, Mass. 
Rogers, P. R., General Elec. Co., Schenectady, N. Y. 
Russell, W. E., Naval Shipyard, Boston, Mass. 
Sheets, J., General Elec. Go., Schenectady, N. Y. 
Spencer, L. B,, Cornell University, Ithaca, N. Y. 
Stomski, SEV ons Elec. Co., Schenectady, N. Y. 
Stone, D. W. (Re-election), Boston Naval Shipyard 
Boston, Mass. ; 
cig ten A., Jr., General Elec. Co., Schenectady, 


Wade, R. W., Central Hudson Gas & Elec. 
Newburgh, N. Y. = OE 

Whitehead, H. 
Mass. 

Wipon, M., Jr., General Elec. Co., Schenectady, 


S., General Elec. Co., West Lynn, 


2. Muppe EAsterN 


Ackroyd, P. H., 34 Lewis St., Phillipsburg, aa 


Ashdown, K. T., General Elec. Co., Philadelp ia, Pas 
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_ Bramble, J. H., Westinghouse Elec. Corp., Sharon, Pa. 
ontroller Co., Cleveland, Ohio 
The Clark Controller Company, 


{ , Pa. 

Clark, W. H., Naval Research Laboratory, Washing- 
/ ton, D.C, 

Davis, R. T., Plate Ice Co. & Corbett Package Co., 
__ Wilmington, N. C. 

_ Dickason, Re The General Elec. Co., Erie, Pa. 

Frost, H. J., Ohio Bell Tel. Co., Cleveland, Ohio 

_ Guarino, L, S., Naval Air Experiment Station, Phila- 
_ delphia, Pa. j 

Henson, R. iceneral Elec. Co., Philadelphia, Pa. 


_ Hernick, P. W., Westinghouse Elec. Corp., E. Pitts- 
wad burgh, Pa. 
z Mont, W. A., Philadelphia Elec. Co., Philadelphia, 
‘a a eh 
- Hurd, T. J., Rural Electrification Administration, 
z Washington, D. C. 
a rove E. L., Duquesne Light Co., Pittsburgh, Pa. 
. ohnson, E. C., Chesapeake and Potomac Tel. Co., 
os Charleston, W. Va. 
Sa qepasen, W. H., Phila. Elec. Co., Philadelphia, Pa. 
e- elly, R. E., Westinghouse Elec. Corp., East Pitts- 
a burgh, Pa. 

Kline, R. 


H., Westinghouse Elec. Corp., E. Pitts- 
burgh, Pa. f ; 
Lee, C. K., 701 Shafor Blvd., Dayton 9, Ohio 
Lindley, L. E., pr Sylvania Elec. Products, Inc., 
_,_ Emporium, Pa. 
Beisdietia, W. W., Capt., 511 East Pitt St., Bedford, 
‘a 


Moore, H. D., General Elec. Co., Philadelphia, Pa. 

Pink, J. F., E. I. Du Pont & Co., Wilmington, Del. 

Piotrowski, E. T., Pennsylvania Transformer Co., Pitts- 

; _ _burgh, Pa. 

4 “yas J., Dayton Power & Light Co., Dayton, 
io 


Reese, H. N., Baltimore Transit Co., Baltimore, Md. 

Roberts, C. A., Jr., United Engrs. & Const., Inc., 
Philadelphia, Pa. 

‘ Robertson, H. E., Westinghouse Elec. Corp., Balti- 
more, Md. 

Roylston, T. A., RCA Victor, Camden, N. J. 

oy E. M., Clark Controller Co., Cleveland, 

io 
aareet V. W., Firestone Tire & Rubber Co., Akron, 


te) 

- Smitheman, E. W., Philadelphia Naval Shipbuilding 
Yard, ee Pa. 

amen Rs T., Virginian Elec. Inc., Charleston, 


. Va. 
Tittermary, J. R., Philadelphia Elec. Co., Philadel- 


phia, Pa. : 

Weller, R., Locke Insulator Corp., Baltimore, Md. 

Wendling, L. W., Navy Dept., Bureau of Ships, Wash- 
ington, D.C. 

Wilson, H. T. (Re-election), Appalachian Elec. Power 
Co., Bluefield, W. Va. 

peTeeeberg, H. H., RCA Victor Division, Lancaster, 

Pa 


3. New York City 

Bonahur, A. A., S. J. O’Brien, Inc., New York, N. Y. 

Brosche, M. F., New York Tel. Co., New York, N. Y. 

Brownman, H. L., Polytechnic Institute of Brooklyn, 
Brooklyn, N.Y. 

Derman, J., Watson Labs., Air Technical Service 
Command, Red Bank, N. J. 

Gezon, L. B., General Elec. Co., New York, N. Y. 

slowend: J J.. Watson-Flagg Eng. Co., Inc., New 

ork, N.Y. 

Kline, A., Garod Radio Corp., Brooklyn, N. Y. 

Melillo, V., Voorhees Walker Foley & Smith, New 
Works N.Y. 

aaa, T. W., The Teleregister Corp., New York, 

Y. 


Oxhandler, R., Board of Transportation, New York, 
ING 

Renton, V. S., Public Service Elec. & Gas Co., New- 
ark, N. J. , 

ae - S., Baker and Spencer, Inc., New York, 

Tapley, ye G., Crocker-Wheeler Elec. Co., Ampere, 
N 


Thoma, H. G., The Linde Air Products Co., New 
YorksN-Y. 

Tobin, M., Syska & Hennessey, New York, N. Y. 

Vitrogan, D., Brooklyn Polytechnic Institute, Brook- 
lyn, N.Y. 

4, SouTHERN 

Ellis, W. B., Duke Power Co., Greenville, S. C. 

Farrell, J. M., Carolina Elec. Supply Co., Charlotte, 
N.C 


Halpern, W., U. S. Navy, Porstmouth, Va. ‘ 

Henning, A. F., Jr., Geo. M. Meriwether, Industrial 
Equipment, Birmingham, Ala. ; 

Kaluk, N. S., Tennessee Valley Authority, Memphis, 
Tenn. 

Keithler, G. K., Jr., Lt., The Engineer School, Ft. 
Belvoir, Va. 

Johnson, F. L., Southwestern Gas and Elec. Co., 
Shreveport, La. 

Me Iver, A. B., Southwestern Gas and Elec. Co., 
Shreveport, La. : 

Noland, J. H., Jr., University of S. C., Columbia, S. C. 

Sander, W. A., Jr., U. S. Naval Shipyard, Charleston, 
s.c 


Walker, H. K., Tennessee Valley Authority, Wilson 
Dam, Ala. 


JuNE 1946 


Weed: F., Jr., Alabama Power Co., Birmingham, 
Ala. : 


5. Great Laxes 
ea et R. H., Caterpillar Tractor Co., East Peoria, 


Binek, E., 13751 Conley Ave., Detroit, Mich. 


’ Black, K. G., uate D Co., Milwaukee, Wis. 
GC. H., 


Blackman, 
Detroit, Mich. ’ 
Bloch, W. C., General Elec. Co., Fort Wayne, Ind. 
eae W. C., Commonwealth Edison Co., Chicago, 
Burnham, G. C., Allen-Bradley Co., Milwaukee, Wis. 
Crampton, H. E., Michigan Bell Tel. Co., Detroit, 


Burroughs Adding Machine Co., 


ich. 

Dichman, E. W., (re-election). Northwestern Aero 

Gorey St. Paul, Minn. 

Fenton, EK. L., Veterans Administration, Minneapolis, 
Minn. ' 

F pe P. M., Cutler-Hammer Corp., Milwaukee, 

is. ? 
Gellatly, J. S., Western Elec. Co., Inc., Chicago, Ill. 
SEeee W., Armour Research Foundation, Chicago, 


Karl, D. R., 2616 South Adams St., Peoria, Ill. 

Klein, B., Sargent & Lundy, Chicago, Il. 

Knapp, T. F., Lear, Inc., Grand Rapids, Mich. 

Kochevar, J. S., Minnesota Power & Light Co., 
Duluth, Minn. 

Kuester, A. J., Vern E, Alden Co., Chicago, Ill. 

La Rose, A. P., Electra-Voice Corp., Chicago, Ill. 

Lofquist, B. H., Caterpillar Tractor Co., E. Peoria, Ill. 

Mactague, H. K., Guardian Elec. Manufacturing Co., 
Chicago, Ill. 

MeCantey, W. B., General Elec. Co., Fort Wayne, 

nd. 


Meyer, I., Appleton Elec. Co., Chicago, Ill. 

Nemetz, V. W., Public Service Comm. of Wis., Madi- 
son, Wis. 

Newman, E. N., Reynolds Metals Co., McCook, Ill. 

O’Hare, E. F., Western Elec. Co., Chicago, Ill. 

en J. R., Commonwealth Edison Co., Chicago, 


Rehm, F.J., Commonwealth Edison Co., Chicago, Ill. 
pees H. L., Commonwealth Edison Co., Chicago, 


Rosenkranz, H. G., Allen-Bradley Co., Milwaukee, 


is. 

Sayles, H. W., 1219 Knoxville Ave., Peoria, Il. 

Schaudenecker, A. F., Western Elec. Co., Chicago, Ill. 

Schneider, R. C., Illinois Power Co., Belleville, Ill. 

Sherman, R. E., 411 Ludington Ave., Menominee, 
Mich. 

Stearns, F. V., Western Elec. Co., Cicero, Il. 

Stratton, M. L., A.C. Spark Plug Division of General 
Motors, Flint, Mich, 

Teasdale, R. D., Ill. Inst. of Tech., Chicago, Ill. 

TRG SEEY, H. C., Allen-Bradley Co., Milwaukee, 

is. 

Van Camp, F. E., Commonwealth and Southern 
Corp., Jackson, Mich. 

Vine es F., Rockford Machine Tool Co., Rockford, 

Weinberger, S. M., Allis-Chalmers Mfg. Co., Mil- 
waukee, Wis. 


6. NortrH CENTRAL 


Ericksen, H. N., Nebraska Public Power System, 
Columbus, Nebr. 

Weber, J. D., Mountain States Tel. & Tel. Co., Den- 
ver, Colo, 


7. Sourn West 


Baird, J. W., Gulf States Utilities Co., Beaumont, Tex. 

Beck, C. W., Aluminum Company of America, Dallas, 
Tex. 

pa i R., Allis-Chalmers Mfg. Co., San Antonio, 


ex. 
Bridler, F. W., El Paso Elec. Co., El Paso, Tex. __ 
pavers: E., Fairbanks-Morse & Co., Kansas City, 
° 


Coxe, Ww. D., Dow Chemical Co., Freeport, Tex. 

Henderson, G. W., Dallas Power & Light Co., Dallas, 
Tex. 

Hutto, R. L., U. S. Engineer Office, Little Rock, Ark. 

Leach, C. C., Syndicate Trust & Century Bldgs., 
St. Louis, Mo. 

Robertson, O. L., The Elec. Storage Battery Co., 
Dallas, Tex. 

Smith, F. K., Westinghouse Elec. Corp., Houston, 
‘Tex: 

Zimmer, H. I., Jr., El Paso Elec. Co., El Paso, Tex. 


8. Paciric 

Allen, M., United Aircraft Products, Inc., Los Angeles, 
Calif. 

Anderson, S. C., Pacific Gas & Elec. Co., San Fran- 
cisco, Calif. ; 

Arnerich, P. F., Douglas Aircraft Co., Santa Monica, 
Calif. 

Baker, L. S., Consolidated Vultee Aircraft Corp., 
San Diego, Calif. ; , 

Bullock, H. H., General Elec. Co., Phoenix, Ariz. 

Clack, J. F., Arizona Edison Co., Bisbee, Ariz. 

Dusterberry, J. C., Nat'l Advisory Comm. for Aero- 
nautics, Moffett Field, Calif. 

Erickson, T. W., Pacific Gas and Elec. Co., Oakland, 
Calif. 

Estes, B. E., U. S. Naval Air Station, Alameda, Calif. 

Gilcrest, G. B., General Elec. Co., San Francisco, 
Calif. : 

Glaser, W. D., General Elec. Co., San Francisco, Calif. 


Institute Activities 


avley, F., Consolidated Engg. Corp., Pasadena, 
alif. 

Huska, P., Douglas Aircraft Co., El Segundo, Calif. 
Marshall, W. C., USNR, F.P.O., San Francisco, Calif. 
elnyeel F. E., Standard Oil of Calif., Richmond, 


McDermitt, G. S., Arizona Light & Power Co., 
Phoenix, Ariz. 


Neiswander, R. S., Calif. Inst. of Tech., Pasadena, | 


Calif. , 
Peterman, H. A., Hyperion Project, Los Angeles, Calif. 


Beles) oS H., Westinghouse Elec. Corp., Sacramento, 
; a 


Pridemote, F. W., George Young Co., Los Angeles, 

alif. 

Rapes L., Pacific Gas and Elec. Co., San Francisco, 

Taylor, G. W., 1955-A Jackson St., San Francisco, 
i 


Wortman, J. W., Ens., USNR, Ames Aeronautical 
Lab., Moffett Field, Calif. 


9. NorrH West 


Alexander, A. I., Westinghouse Elec. Corp., Portland, 


Oreg. 
Anderson, R. W., Lt. (jg) USNR, Tacoma Group, 
Nineteenth Fleet, Tacoma, Wash. 


Bredemeier, G. E., Portland General Elec. Co., 


Portland, Oreg. 

Burnt T. W., Commercial Iron Works, Portland, 

reg. 

Dillow, J. C., Westinghouse Elec. Co., Portland, Oreg. 

Estberg, N. L., Bonneville Power Administration, 
Portland, Oreg. 

Fromm, F. W., 13th Naval District, Headquarters, 
Seattle, Wash. < 

Jarrett, C. W., Portland General Elec. Co., Portland, 


reg. 
ower, ee Commercial Iron Works, Portland, Oreg. 
all, W. I., Bonneville Power Administration, Port- 
land, Oreg. 

Lawrence, S, E., Abernathy Road, Oregon ane Oreg. 

Lester, H. D., U. S. Navy (Civil), Portland, Oreg. 

Lundquist, A. H., Bonneville Power Administration, 
ancouver, Wash. 

Lundquist, L. E., U. S. Navy, Portland, Oreg. \ 

eo D. R., Portland General Elec. Co., Portland, 
reg. 

er W. J., Westinghouse Supply, Portland, 


reg. 

Nicholson, W. I., General Elec. Co., Portland, Oreg. 

Osipovich, A. A., Bonneville Power Administration, 
Portland, Oreg. J 

Porter, J. D., Bonneville Power Administration, Van- 
couver, Wash. fd 3 : 

Seymour, R. S., Bonneville Power Administration, 
Portland, Oreg. 

Strand, L. E., Commercial Iron Works, Portland, 


Oreg. 

Swarner, J. H. (Re-election), Bonneville Power Ad- 
ministration, Portland, Oreg. ! 

Tatiz, R., Bonneville Power Administration, Portland, 


Oreg. 
Udy, G. W., The Pacific Tel. & Tel. Co., Portland, 
reg. 
Wagenknecht, M. A., Portland General Elec. Co., 
Portland, Oreg. 


10. Canapa 


Coxon, P. A., Hydro Electric Power Comm, of Ont., 
Toronto, Ontario, Canada 3 

Fraser, W. J. S., Dept. of Trade & Commerce, Domin- 
ion Govt., Vancouver, B. C., Can. é 

Karkheck, H., Mercury Mills, Hamilton, Ontario, 
Canada “i 

Louie, J., Cemco Electrical Manufacturing Company, 
Ltd., Vancouver, B. C., Canada a 

Piirainen, G. O., Sudbury Hydro Electric Commission, 
Sudbury, Ontario, Canada 


Elsewhere 


Dahlberg, R. S., Jr., Creole Petroleum Corporation, 
Caracas, Venezuela, S. A. 4 

de Amarante, E., Escola Nacional de Engenharia da 
Universidade do Brasil, Rio de Janeiro, Brasil, 
S.A 


Eliopoulos, E. T., The Sun Engineering Company, 
Cairo, Egypt 

Garciatorres T., A., Mexican — and Power Com- 
pany, Ltd., Mexico D. F., Mexico 

Gutierrez Gro., R., Mexican Light and Power Co., 
Mexico D. F., Mexico 

Lowe, I., Wellington Technical College, Wellington, 
New Zealand 

Ofverholm, H., A.S.E.A., Vasteras, Sweden 

Perez, C. P., International Standard Electric, Buenos 
Aires, Argentina 

Powell, J. E., State Hydro-Elec. Dept., Auckland, New 
Zealand 

Qadri, N. H., The British Institute of Engg. Tech., 
London, England . 

Rabie, M. M., Ministry of Public Works, Cairo, 


Egypt 

Rolfe, E> Capt., Royal Elect. & Mech. Engrs., War 
Office, London, England 

Rouse, F. W. D., Admiralty Signal Establishment, 
Glossop, Derbys., England 

Tidd, J. L., Helemano Receiver Site, Oahu, T. of 
Hawaii 

Total to grade of Associate 


United States and Canada, 219 
Elsewhere, 14 
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Improved Facsimile Systems 


Demonstrated for the Press 


Two facsimile systems showing many ad- 
vances over prewar models recently were 
demonstrated for the press in New York, 
N. Y. The Finch Telefax was on view at 
the American Newspapers Publishers meet- 
ing in the Waldorf Astoria, and the Hogan 
Faximile System was demonstrated in the 
laboratory of Radio Inventions, Inc. J. V. 
L. Hogan (M ’20) is president of the firm 
manufacturing the latter equipment, and 
W. G. H. Finch (M°’26) is president of 
Finch Telecommunications, manufacturer 
of the Telefax. 

Both sets are capable of reproducing 
and transmitting any black and white 
copy—photographs, diagrams, printed or 
handwritten material, or tabular matter— 
with greater speed, clearer definition, and 
larger page size than models used either 
before the war or during the war in Govern- 
ment operations. 

However, the Finch company concen- 
trated on facsimile as a new means of com- 
munication specially useful to police, rail- 
roads, interplant and interoffice transmis- 
sion, mining and other industries with re- 
mote installations, forestry services, avia- 
tion, department stores, and shipping. The 
Hogan demonstration was concerned 
mainly with its possibilities as a broad- 
casting medium for use in conjunction with 
radio. 

Speeds of from 15 square inches per 
minute to 48 square inches per minute 
have been attained by the Finch machine 
for which deliveries to the general public 
are expected for the early fall of 1946. 
The over-all size of the combined sending 
and receiving unit is about that of a stand- 
ard typewriter. 

The wide diversity of copy presented at 
the Hogan demonstration, ranged from 
news pictures, matter to accompany house- 
hold programs such as recipes and sample 
menus, weather maps, comments on musical 
numbers and pictures and life stories of 
composers, cartoons, crossword puzzles, 
instruction texts and reference reading for 
educational programs, and special bulletin 
newspapers, made up in half pages tabloid 
size. The programs included pages de- 
signed for association with sound programs 
as a means of amplifying their entertain- 
ment or educational values. 

Copy comes out of the home recorder 
with type matter of newsmagazine size ap- 
pearing much faster than it can be read. 
During the usual 15-minute broadcast, 
four pages of illustrated reference copy can 
be transmitted by frequency modulation 
radio and reproduced in the home, thus 
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permitting a 15-minute newscaster on an 
amplitude modulation station, for example, 
to accompany his spoken word on an as- 
sociated frequency modulation station with 
4,000 words of printed text or four pages 
of maps, diagrams, and photographs. 
The format was selected to permit four 
column layouts of standard newspaper size. 


All of this is accomplished by a simple 
mechanism for converting the received pic- 
ture broadcasting signal to a black line 
proportionate to the intensity of the shad- 
ing of the picture being transmitted. These 
lines are drawn transversely on a contin- 
uous roll of recording paper and blend into 
an accurate reproduction of any kind of 
written, printed, drawn or photographic 
information. 

The recording paper turns black to a 
degree controlled by the moment-to-mo- 
ment intensity of the picture signal being 
received. The Hogan system uses an elec- 
trochemical process for attaining the black 
which eliminates all photographic finish- 
ing, the use of ink, or paper surface burning 
often associated with facsimile operation. 


At the broadcasting station the copy to 
be transmitted is progressively scanned by 
an electric eye through a lens system at the 
rate of 105 lines per inch with a horizontal 
definition equivalent to over 100 lines per 
inch. The copy at the transmitter is 
mounted on a cylindrical drum for submis- 
sion to the optical system which scans or 
analyzes 28.1 square inches of copy per 
minute. The electric eye varies the inten- 
sity of the current as the changes in the 
light intensity submitted from the subject 
matter. The frequency of the picture sig- 
nal thus produced varies from 7,000 to 
13,000 cycles, suiting it to radiation by any 
frequency modulation broadcasting station. 
This is the maximum speed obtainable by 
reason of band-width limitations of fre- 
quency modulation broadcast frequency 
allocations, but it will be entirely adequate 
for home purposes, since 16 pages of copy 
can be reproduced each hour. 


The home recorder is loaded with 400 
linear feet of the specially treated paper, 
enough for 24 continuous hours of recep- 
tion or two to four weeks of home service. 
Reloading the paper supply is comparable 
with loading a simple camera. 

The received picture signal is delivered 
to the home recorder from any frequency 
modulation receiver capable of receiving 
regular frequency modulation sound broad- 
cast. ‘The recorder includes a small ampli- 
fier for bringing the signal up to the neces- 
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sary levels to pass it through the record- 
ing paper. 

The Faximile recorder which prints in 
the radio set owner’s home is a little larger 
than a portable typewriter. It may be 
manufactured for mounting in its own 
cabinet to be attached to a radio set already 
in the home, or it may be built into a radio. 
console by the manufacturer. 

There are no rapid reciprocating me- 
chanical motions in the mechanism; the 
electrical contact for passing the received 
picture signal through the paper is made 
from a printer blade over the paper to a 
wire helix mounted on a drum which ro- 
tates at the slow rate of 360 rpm, which it 
is claimed will prolong the life of the 
apparatus. All the user need do is to tune 
in the station desired, turn on the recorder, 
and adjust the volume control. 

One model of the home type recorder 
shown at the demonstration was equipped 
with an automatic synchronizer which 
makes it unnecessary for transmitting scan- 
ner and recorder to rely on the same power 
system, a problem encountered in some 
cities having partly d-c power supply or 
competing a-c power systems. It is ex- 
pected that this device will not be incor- 
porated in all recorders manufactured, as 
it is unnecessary in 80 per cent of the 
United States. 

It is possible to install scanners in mobile 
units together with photographic equipment 
for finishing and broadcasting photographs 
taken at spot news and sporting events. 
When mass production of recorders for 
sale to the general public will begin is a 
matter of conjecture. However, no one 
familiar with the situation at the demon- 
stration would predict that recorders would 
appear for general sale in less than a year. 

At the present time, it appears that 
facsimile schedules may begin in about 
15 leading cities within the next six months, 
primarily with a view to developing pres- 
entation techniques and determining pub- 
lic reaction to them. Apparatus will be 
manufactured by the General Electric 
Company, and the first program explora- 
tions to determine public reaction are ex- 
pected to begin early in the winter of 1946- 


British Cable Plans 
Include One Global Rate 


Complete public ownership of Cable 
and Wireless, Ltd., British communications 
monopoly, and a standard world ceiling 
rate for cable or wireless communications 
were included in plans for the future de- 
velopment of the communication industries 
recently made public by the British 
Government. 

The Government will purchase all shares, 
of which it already owns eight per cent, 
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ait the Cable and ee company. 


Indian companies. With Parliamentary 
approval, a Commonwealth Communica- 
tions Board will be established to replace 
the Commonwealth Communication Coun- 


The “company’s assets also include sub- | 
stantial holdings i in the Dominion and the 


cil set up in 1945, following ee London 
Communications Ceeicace: 
A standard world ceiling rate of 30 cents 


a word for cable and wireless messages 
has been set as one of the Government’s 


goals, in accordance with the Bermuda 
agreement of December 1945. 


German and British War Lighting 


F Topic for U. S. Committee of ICI 


Reports on lighting practice and de- 
velopments in England and Germany dur- 
ing the war were made to the first postwar 
annual meeting of the United States Na- 
_ tional Committee of the International Com- 

' mission on Illumination, November 1, 
' 1945. Observations made on trips through 
England and Western Europe in the sum- 
mer of 1945 were presented by Samuel G. 
Hibben (M45) director of applied light- 
ing, lamp division, Westinghouse Electric 
Corporation, Bloomfield, N. J.; and J. L. 
Kilpatrick (A ’09) New York, N. Y. 

Predictions of an expansion of fluorescent 
lighting in England stimulated by the neces- 
sity of fuel conservation and the urge to 
modernize the lighting of industry were 
made. Highintensity mercury lighting also 
seems destined for considerable expansion, 
according to the reports. This was given a 
prewar tryout in both Germany and 
England, and a noticeable growth of mer- 
cury street and highway lighting has oc- 
curred in the British Isles. A wider variety 
of wattage sizes than are now standard in 
the United States have been used. High 
mounting, prismatic glassware control, and 
some serious problems of glare are involved 
in the installations. 

Among the wartime casualties were 
tinted incandescent lamps, except those 
used for blackout purposes, and sodium 
and mercury installations which were dis- 
continued in Germany and neighboring 
countries subject to bombing because of 
their peculiar color. 

Applications of interior treatments to 
benefit lighting, such as hand painting ma- 
chine tools and the use of colors designed to 
facilitate safe handling, still appear to be 
lacking in Western Europe. 

Wartime automobile lighting in Ger- 
many concentrated upon the use of one 
driving headlamp mounted in the center 
or on the mudguard at the left side at the 
height of the regular headlamp. Statistics 
in England indicate that street traffic ac- 
cidents increased because of dimout, in 
spite of curtailed vehicular traffic. A slight 
increase in illumination tended to increase 
the number of pedestrians and therefore 
the number of accidents. 

By August 1945 most of England’s 
street lighting was back to prewar condi- 
tions and functioning on regular schedules. 
In June most of the suburban and resi- 
dential areas of German cities were sup- 
plied electric service for homes and resi- 
dence lighting was in good shape, with 
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reduced wattages of bulbs but with fittings 
comparable in quality and illumination sup- 
plied to those of the average middle class 
American home. 

Street lighting in Germany conformed to 
international practice, but close spacing, 
high mounting, and sharp cutoff provided 
easier seeing conditions than those usually 
found in the United States. 

Most of the technical high schools (col- 
leges) in Germany conducted courses in il- 
lumination and awarded degrees in that 
study. 

Both observers emphasized that in Ger- 
many all lighting standards and practice 


deteriorated progressively with the in-. 


crease in bombing activity, until by the end 
of the war, local lighting from adjustable 
reflectors was most prevalent for industrial 
operations and bare incandescent lamps 
and exposed wiring were used for the little 
general illumination in operation. 

In general, there was very little progress 
in the field of illumination in Germany 
during the war. Lighting research was 
primarily for blackout purposes and im- 
provement of searchlights. In Mr. Kil- 
patrick’s opinion the greatest obstacle to 
gleaning any data of real import lay in the 
fact that Berlin was the fountainhead of 
lighting knowledge in Germany and all 
worth-while equipment and personnel in 
all branches of industry were removed by 
the Russians prior to occupancy by 
British-American forces. Considerable 
work had been done in the infrared field 
in connection with radar development. 
There was a reported development of a 
15-kw air-cooled mercury vapor lamp, but 
this was one of the Berlin items which had 
been removed. 

Other matters discussed at the ICI meet- 
ing pertained to action needed to re-estab- 
lish the smooth working of the interna- 
tional organization disrupted by the war. 
It was decided to propose to the central 
bureau of the ICI that of the Secretariats 
assigned to Germany in 1939 the United 
States National Committee take over the 
responsibility for colorimetry, lighting edu- 
cation, and the lighting of motion picture 
houses. It was thought that Great Britain 
would wish to take over the subject of 
natural daylight. 

It was reported that organization is 
under way of the International Standards 
Co-ordinating Association, first meeting of 
which was held in London, England, 
May 27, 1946. As standardization is only 
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a minor activity of the ICI, the United 
States committee agreed that there is no 
reason for the ICI to be dissolved and be- 
come a section of the new association, as 
has been suggested. The ICI will par- 
ticipate in the work of the association, 
however. 
Distribution of copies of the unofficial 


version of the 1939 Proceedings of the ICI 


was considered, and it was voted to mail 
two copies to each national committee. 

It also was decided to recommend that 
in future ICI Proceedings English be adopted 
as the official language. 

It was learned that the Germans had 
issued two volumes of Proceedings of the 1939 
sessions, copies of which are in the hands of 
some delegates to the last ICI meeting. 
None of these has reached the United 
States committee. 

Preston S. Millar (M ’13) president of the 
committee, presided and Doctor N. A. 
Halbertsma, of Holland who was elected 
president of the ICI in 1939, addressed the 
meeting on conditions in Europe and what 
the United States committee might do to 
assist in the revival of international lighting 
activities. 

Others present at the meeting were: 


D. W. Atwater (A ’34), A. A. Brainerd, F. C. Brecken- 
ridge, A. D. Cameron, C. B. Conway (A’44), E. C. 
Crittenden, Hawthorne Deming, C. D. Fawcett 
(M ’20), W. F. Forsythe, Ward Harrison (F ’36), B 

J. Hensen, W. C. Kalb (F 40), G. H. Stekeay. (F °24), 
F. V. Westermaier. 


Silver Supply for Industry 
Nears Vanishing Point 


The estimated production of silver for 
1946 will be 44 per cent below the prewar 
level, which represents less than one quarter 
of that needed by American industries, ac- 
cording to a recent statement by the Silver 
Users Emergency Committee advocating 
Senate action on bills authorizing treasury 
sale of some surplus metal to industry. 

The supply of the metal available to the 
silver using industries generally this year 
has varied from around 30 per cent of the 
volume needed in January to less than five 
per cent of requirements for some industries 
in April, the committee states. This 
worsening situation is attributed to the ef- 
forts of Senators from the silver-producing 
states to block consideration of the bills 
passed by the House of Representatives 
which would release some of the Treasury’s 
stock of free silver for purchase by industry. 

The silver bloc in the Senate meanwhile 
has been crusading to force the price of 
silver, whether for industrial or monetary 
use, to $1.29 an ounce. The present ceiling 
price is 71 cents, and the prewar level was 
about 35 cents. 

Electric equipment industries will need 
10 million ounces of silver in 1946. The 
cost of the year’s supply at the present ceil- 
ing would be $7,100,000, and the proposed 
increase in price would add $5,800,000 to 
this bill. 

No relief can be expected from foreign 
sources while Senate action is pending, as 
foreign owners are hoarding available sup- 
plies in the hope of a price advance. 


FAST: 


CIGRE Resumes Sessions ‘ sat 
in Paris June 27 to July 6 


The first plenary session since 1939 of the 
International Conference on Large Electric 
High-Voltage Systems (Conference Inter- 
nationale des Grands Réseaux Electriques 
& Haute Tension) will be held in Paris, 
France, as is customary, from June 27 to 
July 6. Of the 100 technical papers to be 
presented, 10 are expected from United 
States authors. This is a better representa- 
tion than at the 1939 session when only 5 
of the 117 papers were of United States 
authorship. 

Established in 1921 as a permanent inter- 
national association, the Conference pro- 
vides an international exchange of engineer- 
ing information relating to the design, con- 
struction, and operation of large high- 
voltage electric systems. Biennial sessions 
are held in Paris, headquarters of the or- 
ganization, at which delegates from all 
participating countries present and discuss 
technical papers and at which the interna- 
tional technical committees appointed by 
the CIGRE submit reports on results of 
interim studies. Anyone who complies 
with the conditions of membership may 
participate in these meetings subject to the 
permission of the national committee for 
- his country. 

Though not all the problems discussed 
are new in the United States, the extension 
of higher voltages and large interconnected 
systems in all parts of the world has. de- 
veloped operating experiences which are of 
value to American engineers engaged in the 
design and operation of similar systems. 
United States engineers engaged in the de- 
sign of apparatus, equipment, and devices 
entering into these systems also are afforded 
a broad view of trends in engineering de- 
sign throughout the world and the oppor- 
tunity to disclose the merits of their own 
design and practice. 

Also, since the proceedings, discussions 
and findings of CIGRE are submitted to the 
International Electrotechnical Commission 
for its consideration in the establishment of 
international electrical standards, the 
CIGRE sessions offer a valuable opportu- 
nity to American engineers and agencies 
interested in standards to take part in the 
preliminary and formative discussions inci- 
dent to the CIGRE sessions. 

The continuity of the work of the Con- 
ference between sessions is ensured by inter- 
national technical committees. The 14 
at present in existence are: 

A-c transmission at extra high voltage, chairman, 
Philip Sporn (F ’30); d-c transmission, chairman, Mr. 
Borgquist of Sweden; insulation materials; under- 
ground cables, chairman, Mr. Bakker of Holland; 
insulation oils, chairman, Mr. Weiss of France; circuit 
breakers, chairman, Mr. Juilard of Switzerland; im- 
provement of power factor; surges, chairman, Mr. de 
Binuesa of Spain; insulators, chairman, Mr. Van 
Cauwenberghe of Belgium; co-operation with inter- 
national telephone consulting committee, chairman, 
Mr. Charpentier of France; overhead conductors, 
chairman, Mr. Jacobsen of Norway; towers and 
foundations, chairman, Mr. Lavanchy of Belgium; 
mechanical calculations of lines, chairman, Mr. List 


of Czechoslovakia; and telephone and radio inter- 
ference. 
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CIGRE also maintains national com- 
mittees of the countries participating in its 
activities. These enroll memberships, as- 
sign and review technical papers for the 
sessions, and appoint members of the tech- 


nical committees. The United States Na- 
tional Committee follows: 


Frederic Attwood (M ’27), J. C. Parker (F712), I. W, 
Gross (F’45), Philip Sporn, W. W. Lewis (F ’38). 
J. B. Whitehead (F ’12), W. S. Peterson (M ’29), P. L. 
Bellaschi (F 40), E. L. Moreland (F ’21), M. S. Old- 
acre (M 42), Stanley Stokes (F ’29), L, N. McClellan 
(F 38), S. H. Mortensen (F’20), Walker L. Cisler 
(M35), William E. Wickenden (F ’39) ex-officio, H. 
J. Scholz (M ’39), H. L. Melvin (F ’31), T. J. Little 
(M 745), Gano Dunn (HM’45). 


Memberships in the United States may 
be individual or collective. In the first 
category regular members pay annual dues 
of $10 and associate members pay $5. 
Collective memberships may be sustaining, 
regular, or associate. For industrial, manu- 
facturing, and consulting engineering com- 
panies, financial companies, public agen- 
cies of commercial character, universities 
and other institutes of learning or research, 
and all other noncommercial collective 
bodies the annual dues are $500, $100, and 
$50, respectively for the three grades of 
membership. Government and other pub- 
lic administrations and agencies and techni- 
cal associations pay $1,000, $200, or $100 
annually. 

All individual members receive advance 
copies in English of all technical papers 
presented at the biennial sessions. All 
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Registration by Endorsement — 


p é vy * 

The procedure and purpose-of the regis- 
tration service rendered engineers by the © A 
National Bureau of Engineering Registra- _ 


tion is described in a recent information — 
pamphlet issued by the Bureau. 
Bureau was established primarily to mini- 
mize the effort and expense of engineers de- 
siring to secure registration or license in 
more than onestate. 


Operated by the National Council of i. 


State Boards of Engineering Examiners, the 
Bureau is under the direction of a standing 
committee of the Council with an advisory 
board of representatives from national 
engineering societies. A secondary pur- 
pose of the Bureau is to act as a clearing 
house for state registration authorities, 
employers, societies, and others, acting as a 
reliable source of verified information re- 
garding the professional records of engi- 
neers. 
Endorsement by the National Council 
as well as by a state board usually means 
that an application for registration in vari- 
ous states will be expedited and promptly 
approved. To obtain such endorsement an 
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This representative engineering student surrounded by typical end products of his 
training is depicted in a four by eight foot photographic mural recently hung on 
the wall of the engineering drawing classroom at Cooper Union, New York, N. Y. 
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Provided by National Bureau fn 
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: engineer files an application for a certifi- 
cate of qualification with the National 
_ Bureau of Engineering Registration which 


_ will secure the endorsement of the state 


: 


board of registration of his home state and, 
after verifying the professional record of 
the applicant will affix its endorsement, and 


The bylaws of the National Council and 
_ the registration laws or regulations of most 
_ states specifically provide for recognition 


: 

ee : : 
} the seal of the National Council. 
a 


, 


z 


"of certificates of qualification issued by the 
Bureau, and all member boards of the 
Council accept certification by the Bureau, 
_ with endorsement by a state board as 
competent evidence of qualification for 
registration. However, all state boards 
reserve the right to take whatever action 
they deem necessary to conform with the 
requirements of their laws and regulations 
in connection with any application for reg- 
‘istration in their state. 

Any registered engineer desiring a certifi- 
cate of qualification must submit-to the 
Bureau on its prescribed form his complete 
record, including education, engineering 
experience, legal registration, technical ex- 
aminations, membership in professional or 
scientific societies, and character and pro- 
fessional references. 

This application then is submitted by 
the Bureau to the registration board in the 
state of which the applicant is a resident or 
in which he is practicing. —The Board may 
require the applicant to furnish additional 


_ information or to pass an examination to 


establish his competency. Once this is 
established, the Board endorses the certi- 
ficate of qualification to the effect that the 
applicant is entitled to be recommended to 
other state boards for registration. At this 
point the Bureau makes an independent 
investigation of each item in the applicant’s 
record, verifying them or giving reasons 
for not doing so. 

After this, the Bureau evaluates the pro- 
fessional record of the applicant and issues 
a certificate of qualification, if he meets the 
requirements of one of the following sec- 
tions. 


Graduation Plus Experience. Graduation from an‘engi- 
neering curriculum accredited by the Engineers’ 
Council for Professional Development, and a specific 
record of eight years or more of experience in engineer- 
ing work of a character satisfactory to the Bureau. 
Where the evidence presented does not appear to the 
Bureau conclusive, the applicant may be required to 
present further evidence for the Bureau and to pass 
examination (given by the registration board in his 
home state). 


Examination Plus Experience. Successfully passing an 
examination (given by the registration board in his 
home state) designed to show knowledge and skill ap- 
proximating that attained through graduation from an 
accredited engineering curriculum; and a specific 
record of eight years or more of experience in engincer- 
ing work of a character satisfactory to the Bureau. 


Long Established Practice. A specific record of 15 years 
or more of lawful practice in engineering work of a 
character satisfactory to the Bureau, provided the ap- 
plicant is not less than 35 years of age. 


Demonstration of applicants’ competency 
will be based less on length of experience 
(provided the minimum is met in each case) 
than on the breadth, quality, and impor- 
tance of pertinent experience, degree of 
progression, evidence shown of ability to 
accept increasing responsibilities, and of the 
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‘possession of personal qualifications re- 


quired for successful engineering work. 

The fee for investigation, verification, and 
certification, including one _photostatic 
copy of completed verified professional 
record, certificate of qualification, and 
state board endorsement is $20. Addi- 
tional copies are $2 each. These fees rep- 
resent actual cost of the work involved, as 
the Bureau is a nonprofit agency. 

Engineers desiring legal registration or 
license in any state must communicate 
directly with the state board in question 
and secure its application form and regula- 
tions. Applications for registration by 


‘endorsement must be accompanied by 


photostatic copies, issued by the Registra- 

tion Bureau, of certificates of qualification. 
Members of the committee on National 

Bureau of Engineering Registration are: 


L. M. Martin, chairman, representing the committee 
on qualifications for registration; C. C. Knipmeyer, 
(M 735), Indiana, representing the committee on Engi- 
neers Council for Professional Development; Roy M. 
Green, Nebraska, representing central zone; Joseph 
Weil (F 36), Florida, representing southern zone; 
A. G. Christie, Maryland, representing northeast zone; 
Daniel B. Jett, New Mexico, representing western zone; 
T. Keith Legaré, South Carolina, executive secretary, 
National Council of State Boards of Engineering 
Examiners, 


Members of the advisory board are: 
American Society of Civil Engineers, Allen 
P. Richmond, Jr.; American Society of 
Mechanical Engineers, William G. 
Christy; AIEE, C. R. Beardsley (F ’30); 
American Institute of Chemical Engineers, 
J. M. Weiss; National Society of Profes- 
sional Engineers, Arthur V. Sheridan; 
Society for the Promotion of Engineering 
Education, Paul Cloke (F ’38); American 
Association of Engineers, C. J. Ullrich; 
American Railway Engineering Associa- 
tion, R. E. Warden. 


Army Used Infrared Radiation 
to Detect in Total Darkness 


The use of infrared radiation for observa- 
tion in total darkness by the United States 
Armed Forces, another of World War II’s 
secret weapons, was revealed recently by 
the United States Army upon information 
that the Germans had utilized similar, 
though inferior and less effective, equip- 
ment. 

The device is available in two models, 
a ‘‘sniperscope’? mounted on a 30 caliber 
carbine and a “‘snooperscope,” a hand 
model used for observation and signaling. 
The equipment employs a light source 
which, through filters, cuts out the “‘visible 
light”? of the spectrum and transmits infra- 
red radiation. The reflected infrared 
radiation is picked up by the objective lens 
of a telescope and focused on a photo- 
electric image tube. When the infra- 
red rays strike this tube, electrons are re- 
leased in direct proportion to the inten- 
sity of the radiation and, as all electrons 
possess a negative charge, the released elec- 
trons are attracted by the positive plates. 
These electrons are accelerated as they 
pass through the tube to bombard a 
fluorescent screen and thus produce a 
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visible image corresponding to the infra- 
red image on the front screen. 

The device is operated by focusing it 
in the desired direction and moving it 
back and forth until the object is picked up 
by the invisible radiation. The visible 
image can be seen in the telescope by the 
operator who then may sight his gun. 

Power packs for the device were manu- 
factured by Electronics Laboratories, Inc., 
Indianapolis, Ind.; photoelectric tubes by 
Farnsworth Television and Radio Corpora- 
tion, Fort Wayne; and telescope lenses by 
Bell and Howell Company, Chicago, III. 


U. S. Engineers Resume Work 
on Southwest Flood Control 


Temporarily suspended by the war 
emergency, flood control projects in the 
Southwest are again under construction, 
the office of the Southwestern Division 
Engineer, of the United States Corps of 
Engineers recently announced. 

The first project upon which work has 
been resumed is the Canton Dam project, 
a $5,192,623 undertaking, on the North 
Canadian River above Oklahoma City, 
Okla. Work on Canton Dam was 25 per 
cent completed when it was placed in a 
stand-by status at the beginning of the war. 
When completed, the dam will create a 
reservoir with a total storage capacity of 
390,000 acre-feet of water and will cover an 
approximate area of 15,500 acres. The 
dam will be 14,300 feet long, 32 feet wide 
at the crest, and 68 feet above the valley 
floor. 

In addition to the Canton Dam the proj- 
ects include: Wister Dam and reservoir on 
the Poteau River near the Oklahoma— 
Arkansas state boundary; the Fort Gibson 
Dam and reservoir on the Grand (Neosho) 
River near Muskogee, Okla.; the Hulah 
Dam and reservoir on the Caney River 
near the Oklahoma—Kansas state boundary; 
completion of the existing John Martin 
Dam and reservoir on the Arkansas River 
near Las Animas, Colo., by the installa- 
tion of spillway gates; the Blue Mountain 
Dam and reservoir on the Petit Jean River 
west of Little Rock, Ark.; the Bull Shoals 
Dam and reservoir on the White River 
near the Arkansas—Missouri state boundary; 
the Clearwater Dam and reservoir on the 
Black River in southeast Missouri; the 
Fall River Dam and reservoir on a major 
tributary of the Verdigris River in Kansas; 
the Addicks Dam on Buffalo Bayou in 
Texas; and the completion of riprap pro- 
tection to the existing Denison Dam near 
Denison, Tex. 

Each of the projects is a unit in the 
comprehensive plan for development of 
flood control on major watersheds in the 
Southwestern Division. Although pri- 
marily designed for flood control, many of 
the works are planned for multiple purposes 
such as production of hydroelectric power, 
navigation, irrigation, abatement of pol- 
lution, industrial and domestic water sup- 
ply, recreation, and conservation of wild- 
life. The Fort Gibson project, for flood 
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Oi flow spillway will be located on the right 


section on the left. Flows will be pore 
: by radial crest gates. 


War Department Seeks Aid 
in German Industry Surveys 


The United States War Department 
ee, ttf is. seeking the co-operation of American 
4 ‘industry in its investigations of German 
industry. The Department wishes assist- 
> ance in selecting and microfilming in 
x ae Germany data that may be valuable to 
a American science and industry. Sugges- 
tions about specific information which 
_ American companies would like to have 
from Germany, about where valuable in- 
formation might be found, and about 
what industries in Germany might possess 
information not now available are wanted. 
' Help also is needed in recruiting person- 
nel for the work of searching German files. 
Qualified American technicians are indis- 
pensable for the job of supervision and 
selection. Technical men are needed in 
the following fields: chemicals, aeronautics, 
automotive, machine tools, general indus- 
trial equipment, fuels and _ lubricants, 
metals and minerals, communications 
equipment, scientific instruments, ship- 
building, and textiles. _ 

A knowledge of German is essential. 
Appointments are subject to Civil Service 
approval and are made for a minimum 
of six months. Any industry or scientific 
group interested in specific German indus- 
trial methods and able to assign person- 
nel to visit Germany should write John 
C. Green, executive secretary, Office of 
the Publication Board, Department of 
Commerce, Washington 25, D. C. 


Arthur B. Berresford, 
Engineer—Doctor, Dies 


Arthur Beattys Berresford, former engi- 
neer and member of AIEE, who had been 
practicing as a physician since 1936, died 
April 16, 1946, in New York, N. Y. Doctor 
Berresford was 42 years of age and a resident 
of Ithaca, N. Y. He was the son of the late 
AIEE Past President A. W. Berresford, 

When he finished his internship in the 
Waterbury (Conn.) Hospital in 1936, Doc- 
tor Berresford became a general practitioner 
in Ithaca. From 1942 to 1944 he was a 
research fellow in the department of allergy 
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The Army Security fe re 


eleciical engineers, including | electronic 


- specialists, to undertake vital research and 
development work. The openings - have 


been created by demobilization of military 
personnel. Base pay, depending on edu- 
cation and engineering experience, ranges 
from $2,650 to above $5,000 per annum. 


‘These are Federal Civil Service apvoint- 
_ ments, with a 40-hour work week, 26 days 


annual leave, and 12 days sick leave. 
Arlington, Va., is a suburb of Washing- 
ton, D. C. Room in a private home will 
be reserved in advance for employees. Ap- 
plication should be made only by American 
citizens on Federal Employment Form 57 
(available at all Post Offices) and for- 


_ warded to: Chief, Personnel and Training 


Branch, WDGSS-61, Army Security Agency, 
The Pentagon, Washington 25, D. C. 


Veterans Request Catalogues. The Vet- 
erans Administration Construction Service, 
900 North Lombardy Street, Richmond, 
Va., desires to receive catalogues of ma- 
terials and equipment from manufacturers 
and jobbers, covering general building 
construction, electric heating, ventilating, 
plumbing, refrigeration, air conditioning, 
outside utilities, waterworks, and sewerages. 


JOINT ACTIVITIES 


Doctor Craver Receives Certificate. At 
a dinner given in his honor May 22, 1946, 
Doctor Harrison W. Craver, retiring direc- 
tor of the Engineering Societies Library, 
New York, N. Y., received a certificate of 
appreciation of his services signed by the 
presidents of the Founder Societies. The 
certificate reads: 


Harrison Warwick Craver has served as director of 
the Engineering Societies Library from 1917 to 1946, 
One of his first tasks was to consolidate into a single 
collection the libraries of the Founder Societies which 
had been maintained as separate collections up to that 
time. He also undertook and completed over a period 
of years a card catalog of these combined libraries, 
Through the institution of translation, abstracting, 
photostatic, and loan services, he gave the library na- 
tional scope. 

His skill as a librarian, his knowledge of applied 
science and engineering, his sound judgment, his zeal 
for his work, and his unfailing courtesy have combined 
to provide an unequalled library service for the engi- 
neers of the nation, 
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Wlectric’ Ciipatasions 
counselors for the electrical roi ® was = 


composed of: ee 
L. T. Blaisdell (F ’39) commercial vice-presiden * 
General Electric Company; W. H. Chase cin ‘ 
chief engineer, Ohio Bell Telephone Company; C. C. | 
Dash (M ’39) president, Hertner Electric Company; e 
W. C. Davis (A 735) professor of electrical engineering, 
Fenn College; W. R. Hough (M °41) chief engineer, — 
‘Reliance Electric Sees J. R. Martin (A 235)» 
associate professor of electrical communication, Case 
School of Applied Science; C, N. Rakestraw (M *21) 
supervisor, employees training, Cleveland Electric © 
Illuminating Company; H. P. Sherer (M°45) chief 
engineer, Hertner Electric Company. x i 


Before the meetings pamphlets briefly 
defining the engineering profession and its 
various branches were distributed to the 
high schools. Students planning to attend 
were asked to fill in cards indicating the © 
branch of engineering in which they were 
specially interested, the points they would 
like discussed, and the name of any adult 
who would accompany them. 

In addition to the one on electrical engi- 
neering, the following discussion groups 
were provided: architecture, chemical 
engineering, chemistry, civil engineering, 
mechanical engineering, metallurgy, and 
physics. The Cleveland Council has a 
membership of 35 organizations. 


OTHER SOCIETIES e 


Quality Control Society Founded. The 
American Society for Quality Control was 
established at a meeting held February 16, 
1946, in New York, N. Y., as a national so- 
ciety for those interested in industrial 
quality control. Representatives of 17 
local societies organized during the war in 
various parts of the United States attended 
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Future Meetings of Other Societies 
- American Chemical Society. National ‘Chemical 


Exposition, September 10-14, 1946, Chicago, ill. 


American Society for Testing Materials. An- 
nual meeting, June 24-28, 1946, Bufialo, Neve: 


American Society of Mechanical Engineers. An- 


nual meeting, June 17-20, 1946, Detroit, Mich. 


American Welding Society. Annual 
November 17-22, 1946, Atlantic City, N. J. 


Canadian Electrical Association. Annual meeting, 


meeting, 


_ June 26-28, 1946, Banff, Alberta, Canada. 


Illuminating Engineering Society.. National con- 
vention, September 18-21, 1946, Quebec, Quebec, 
Canada. 


Instrument Society of America. Exhibit and con- 
ference, September 16-20, 1946, Pittsburgh, Pa. 


International Conference on Large High-Voltage 
Networks. June 27-July 6, 1946, Paris, France. 


National Electrical Manufacturers Association. 
June 17-19, 1946, Hot Springs, Va. 
National Electrical Contractors pciation. Annual 


meeting, October 14-18, 1946, Atlantic City, N. J. 


National Electronics Conference. October 3-5, 
1946, Chicago, Ill. 


Refrigeration Equipment Manufacturers Associa- 
tion, Fourth refrigeration and air conditioning ex- 
position, Cleveland, Ohio, October 29-November 1, 
1946, 


Television Broadcasters Association, Inc. Second 
conference and exhibition, New York, N. Y., Octo- 
ber 10-11, 1946. 


the first meeting. Purpose of the society 
will be the advancement and diffusion of 
knowledge of the science of quality control 
and its application to industrial progress. 
A magazine, Industrial Quality Control, 
originally published by the Buffalo, N. Y., 
society will be issued bimonthly. Professor 
Martin A. Brumbaugh of the University 
of Buffalo will be chairman of the editorial 
board. The first officers elected by the 
new society are: 


President: George D. Edwards (M’26) director of 
quality assurance, Bell Telephone Laboratories, Inc., 
New. York. 


Vice-president: Andrew I. Peterson (A’23) manager of 
quality control, RCA Victor Division, Radio Corpora- 
tion of America, Harrison, N. J. 


Executive secretary: Ralph E. Wareham, manager, new 
products division, National Photocolor Corporation. 


Treasurer: Alfred L. Davis, Rochester (N. Y.) Institute 
of Technology. 


Valor Awards Re-established by EEI. 
Announcement of the reinstatement of 
its annual Claude L. Matthews Valor 
Awards, suspended during the war, 
has been made by the Edison Electric 
Institute. The awards honor “acts of de- 
votion to duty wherein extraordinary cour- 
age has been exercised in efforts to main- 
tain or restore important electric service 
in the shortest possible time.”” Any em- 
ployee of a public utility, either publicly 
or privately owned, is eligible for the first 
postwar award, provided his deed of valor 
was performed during the calendar year 
of 1946. This is a departure from prewar 
practice as previously only employees of 
privately owned companies were con- 
sidered. Recommendations for the awards 
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must be made by the chief executive of a 
company and must be forwarded to the 
secretary of the Edison Electric Institute 
not later than April 1, 1947, Three cash 
awards of $150 are ade and an appropri- 
ate lapel emblem and citation accompanies 
each. | 


Fire Protection Association 
Observes 50th Anniversary 


With its annual meeting in Boston, Mass., 
June 3-7, 1946, the National Fire Protec- 
tion Association celebrates 50 years as 
international clearing house for authorita- 
tive information on the subject of fire pro- 
tection and fire prevention. The associa- 
tion, which was established in Boston in 
1896 as a noncommercial, nonprofitmaking 
organization, today includes more than 150 
national organizations and 10,000 indi- 
viduals in 37 countries in its membership. 
Although the majority of its members are 
recruited from industry, membership is 
open to any individual or organization 
interested in the protection of life or 
property from fire. 

During the 50 years of its existence, a 
prime function of the NFPA has been to 
provide nearly 150 technical standards and 
other popular and technical literature in 
the field of fire waste control. Since 1923 
the association has maintained a field 
service to make direct contact with states, 
provinces, and cities throughout the United 
States and Canada. The work of NFPA 
engineers is recognized as an influential 
factor in the establishment of techniques 
and practices which have reduced loss of 
life and destruction of property by fire. 
Among the most important developments in 
NFPA history was the establishment, in 
1933, of the Volunteer Firemen Magazine 
(ncn Firemen) in an effort to reach the 
many small communities which are pro- 
tected by volunteer fire departments. 


One of the most recent and significant 
services rendered by the NFPA was oc- 
casioned by World War II. This war, 
unlike any previous war, was marked by 
the extensive use of fire as a devastating 
weapon, and thus the association, through 
its experience and knowledge of fire, was 
able to contribute much to the develop- 
ment of weapons for offensive warfare by 
the United States. 


ASTM Moves to New Headquarters. 
The American Society for Testing Materials 
has moved its headquarters from 260 South 
Broad Street, Philadelphia, Pa., to its 
permanent headquarters building at 1916 
Race Street, Philadelphia 3. The new 
building, which was purchased and re- 
modeled through contributions made by 
many of the companies and individuals 
active in the society’s work, provides addi- 
tional space required by the expansion of 
the society’s staff. 
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Howes and Gilson Appointed 
By Canadian Engineers’ Council i 


Appointment of Doctor F. S. Howes as 
chairman and W. J. Gilson (M 38) as 
vice-chairman has been announced by the 
Canadian Council of Professional Engineers 
and Scientists, which was formed in 1945. 

The Council is composed of the presi- 
dents or their alternates of 11 national 
scientific professional engineering societies 
in Canada and is the result of four or five 
years of discussions among interested 
groups. As it is organized as a Canadian 
District, the AIEE has been included in the 
Council. The Council deals on a national 
scale with such matters of general interest 
to engineers and scientists as economic 
status, postwar planning projects, and mat- 
ters connected with the development of 
Canadian resources. After one year of | 
operation the Council reports a consider- 
able measure of success in its dealings with 
the Dominion Government. 

Doctor Howes is a consulting radio engi- 
neer and an assistant professor of electrical 
engineering at McGill University, Mon- 
treal, Quebec, from which he was gradu- 
ated with honors in 1924. His graduate 
studies were completed at the University 
of London and the University of California. 
He is member of the Institute of Radio 
Engineers and the Corporation of Engineers 
of Quebec. A biography of Mr. Gilson 
who is a former vice-president of AIEE may 
be found on page 129 of the March 1943 
issue of Electrical Engineering. 

Besides AIEE, the bodies represented in 
the Council are: the Dominion Council of 
Professional Engineers, the Canadian Insti- 
tute of Mining and Metallurgy, the Chem- 
ical Institute of Canada, the Royal Archi- 
tectural Institute of Canada, the Canadian 
Society of Forest Engineers, the Agricultural 
Institute of Canada, the Dominion Council 
of Federated Professional Employees, the 
Canadian Institute of Surveying, the 
Canadian Association of Professional Physi- 
cists, and the Canadian Council of the 
Institute of Radio Engineers. 


Conference on Insulation 
Plans Meeting for November 


The conference on electrical insulation 
of the National Research Council, after 
five years of relative inactivity, has an- 
nounced that preparations are being made 
for a three-day meeting at the Johns Hop- 
kins University, Baltimore, Md., Novem- 
ber 7-9, 1946. 

The last meeting of the conference, its 
14th annual meeting, was held in 1941, 
and at that time Ward F. Davidson (F ’26) 
director of research, Consolidated Edison 
Company of New York, Inc., was appointed 
to continue as conference chairman. Mr. 
Davidson had been chairman since 1939. 
Other members of the executive committee 
of the conference are: 


S. O. Morgan, vice-chairman; Thorstein Larsen (A 34) 
secretary; C. L. Dawes (F°35); W. A. Del Mar 
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ler; H. H. Race (F°39); Arthur sorte (M 
and John B. Whitehead (F 12). 


Those desiring to receive copies of the de- 
tailed program and other notices are re- 
quested to send their names and addresses 


to Mr. Davidson. 


PDtee ALTO Nevers 


_ Yale Electrical Engineering Fellowship. 


An annual fellowship, to be known as the 
Westinghouse Fellowship in Electrical 
Engineering has been established at Yale 
University, New Haven, Conn. The fel- 
lowship will be open to all candidates hold- 
ing a bachelor of science degree in electrical 
engineering from a college or university in 
the United States. The recipient will be 
chosen by the faculty of the Yale Univer- 
sity department of electrical engineering. 
The first fellowship has been awarded to 
James A. M. Kelly who was graduated 
from Yale University in 1942 and who for 
the past three years has been doing research 
in the United States Naval Research Lab- 
oratory, Washington, D. C. 


Westinghouse Fellowship at Illinois. 
Announcement of the establishment of 
_a graduate fellowship in power systems 
engineering at the [Illinois Institute of 
Technology by the Westinghouse Edu- 
cational Foundation, has been made by 
Doctor Louis T. Rader (M ’43) chairman 
of the institute’s department of electrical 
engineering. The fellowship has been 
established on a yearly basis for five years. 
Final decision on the 1946 applicant will 
be made by June 16 by a joint committee 
representing both the foundation and the 
‘institute. In the case of veterans receiving 
Government allotments, the committee 
reserves the right to divide the fellowship 
between two candidates, while the Govern- 
ment would pay tuition fees. Ordinarily 
the fellowship provides a stipend of $1,500 
with all tuition fees paid for 12 months of 
study leading to a degree of master of 
science in electrical engineering. The suc- 
cessful candidate will devote full time to the 
program’s study of the technical problems 
of power generation, transmission, and 
distribution. ? 
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New Materials for 
Permanent Magnets Announced 


Five new permanent-magnet materials, 
known as cunico, cunife, vectolite, alnico 
12, and silmanal, have been announced by 
the General Electric Company. These new 
materials have many applications in the 
manufacture of aircraft instruments and 
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which has all the physical properties of I 
cunico, differing in that it has. directional i % 
properties and must be magnetized only co i 
along the direction in which the material “work mate 
has been cold-worked, to obtain highest 
magnetic quality. 

Vectolite is the first nonmetallic, non- 
conducting magnet material ever made. 
It is a hardened sintered combination of — | 
iron rust and cobalt oxide, mixed when Since the electrodes 1 
still in powder form. Vectolite magnets used to apply pressure, the t 
are extremely light, being nonmetallic, and of_ heat sealing—uniform | heatin 
their nonconductive properties prevent surfaces to be 
electrical losses caused by conduction of uniform co 


current. In addition, they have a high 
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resistance to demagnetizing forces. 
Alnico 12 is made up of aluminum, nickel, 
the production of such vital military re- ‘a 
quirements as solar stills, Wenger said, 
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cobalt, iron, and titanium. Magnets made 
from this material can be used in such ap- 


plications as tachometer generators and 
electronic devices. 

Silmanal has a high intrinsic coercive 
force, which makes magnets made from it 
useful in instruments where service in strong 
electric fields is required. Silmanal is 
ductile and malleable. 


Electronic Heat Seals 
Many Consumer Products 


The wartime promise that plastic fabrics 
would be sealed electronically in the manu- 
facture of civilian goods now is being 
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INSTITUTE members and subscribers are invited 
to contribute to these columns expressions of opinion 
dealing with published articles, technical papers, 
or other subjects of general professional interest. 
While endeavoring to publish as many letters as 
possible, Electrical Engineering reserves the right 
to publish them in whole or in part or to reject them 
entirely. Statements in letters are expressly under- 


Glass and Marble 
Measuring Instrument 


To the Editor: 

The picture of the ‘original a-c-d-c 
instrument” which appeared on page 80 of 
the February issue of Electrical Engineering, 
interested me especially, as I had the pic- 
ture taken, having found it among the old 
laboratory junk, while I was in charge of 
instrument development at the Westing- 
house company. 

The caption is not quite correct, as this 
type of instrument was never used for alter- 
nating current, having been acquired by 
George Westinghouse in connection with 
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and the use of electronic equipment | d 
techniques in this field has increas 
rapidly. 
from ping pong balls and beach play balls 
to belts, button hole reinforcements, bibs, 
and baby pants. 

A long-electrode bar sealer can be used 


either to produce a single seam as long as” 


48 inches at one shot for large articles, 
such as raincoats or shower curtains, or to 
seal several smaller objects, such as tobacco 
pouches. Another machine employs roller 
electrodes, which apply power and feed 
material through the machine at the same 
time, making a continuous seam of any 
length or contour. 
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stood to be made by the writers. Publication here 
in no wise constitutes endorsement or recognition 
by the AIEE, All letters submitted for publication 
should be typewritten, double-spaced, not carbon 
copies. Any illustrations should be submitted in 


duplicate, one copy an inked drawing without — 


lettering, the other lettered. Captions should be 
supplied for all illustrations. 


his purchase of the Waterhouse arc lighting 
system in order to get into the electric light- 
ing business on a competitive basis. When 
he introduced the a-c system in connection 
with the Gaulard and Gibbs system of 
transformers, Phillip Lange, Doctor C. F. 
Scott, and others developed what they 
called the “glass and marble” instrument 
line which comprised a long bunched wire 
solenoid, mounted in a glass show case 
type of cover, on a marble base (Figure 1). 
This was in the year 1888—a year also 
famous for the introduction of the Shallen- 
berger meter for a-c ampere-hours, and 
the great blizzard. 


Both indicating instruments mentioned 
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operated with gravity control. Though the 
Waterhouse type would work after a fashion 
on alternating current, its inductance and 
the eddy current effects were too much for 
successful a-c operation. 

It is interesting to note that in those 
days most designers did not think that either 
springs or permanent magnets were suffi- 
ciently reliable for measuring work—at 
least until Weston brought out his first 
d-c moving coil instrument—also in 1888. 


PAUL MacGAHAN (F 742) 


(Consulting electrical engineer, Woodstock, N. Y.) 


Engineering Terminology | 


To the Editor: 


Paul MacGahan’s letter in the February 
issue of Electrical Engineering, objecting to 
the proposed use of the word “‘icon” to 
designate an insulated conductor, meets 
with my hearty approval. Apart, however,. 
from mentioning its possible confusion with 
‘iconoscope,” a more or less legitimate 
application of the generic term, I have no 
desire to enter this controversy and shall 
let the contestants settle it between them- 
selves. 

I hope Mr. MacGahan’s luck is better 
than mine in the protest against pre- 
emption of terms already recognized in 
other fields. My voice was raised against 
adoption of the term “oscilloscope” to 
designate the stabilized cathode-ray oscillo- 
graph, when the word already had been 
applied in British practice to an entirely 
different instrument. (Discussion by P. A. 
Borden of ‘‘The Oscilloscope,” Frederick 
Bedell, Herbert J. Reich. AIEE Transac- 
tions, 1927, volume 46, page 550.) My 
appeal fell upon deaf ears; and the word 
now has its place in the “Standard Defini- 
tions of Electrical Terms.” 

Again, my protest against abuse of the 
noun “potentiometer” to designate a cer- 
tain type of rheostat has been insistent and 
unremitting; and, while this example of 
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technical slang does not yet seem to have 
appeared in recognized electrical standards, 
it is creeping into the dictionaries, and is 
rapidly finding a place in electrical litera- 
ture—especially in the field of electronics— 
and in patents. So I suppose it will be but 
a matter of time until we reactionaries 
must bow to the inevitable and recognize 
this further short cut in the use of technical 
English. 

PERRY A. BORDEN (F’44) 


(Patent engineer, The Bristol Company, Waterbury, 
Conn.) 


Electrical Essays 


To the Editor: 


With respect to my electrical essay on 
page 159 of the April 1946 issue of Electrical 
Engineering discussing the sudden paralleling 
of a capacitor C charged to a voltage E 
with another equal but uncharged capaci- 
tor, it is evidently incorrect to assume that 
a final rest condition can be reached with- 
out loss of energy. In order to analyze this 
problem, either the resistance or the in- 
ductance may be neglected but not both. 

Qualitatively the situation is seen most 
clearly if the resistance is neglected, but a 
definite amount of series inductance is as- 
sumed to be present, in which case the 
charge will oscillate from one capacitor 
to the other indefinitely. Decreasing the 
inductance to a smaller value merely in- 
creases the frequency of oscillation. 

At a particular instant when the charge 
is equally divided between the capacitors, 
there will be an amount of energy stored in 
the inductance exactly equal to that stored 
in the capacitors. To attain equilibrium 
there must be a means of losing energy, 
such as a resistance which will serve to 
damp out the oscillation and absorb the 
excess energy over the steady-state condi- 
tion. 

A quantitative solution is obtained rather 
easily by assuming a definite series resist- 
ance R in the circuit and neglecting the 
inductance. The equation for the current 
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flow at any time is the well-known expo- 
nential: 


remembering that the combined capaci- 
tance of the two capacitors in series is C/2. 

The total energy loss in the resistance is 
calculated as follows: 


eo E2 (o>) bee! At 
W,= Ritdt =— €. Redt =1/,CE? 
0 R 0 


Thus, it turns out that this loss is inde- 
pendent of the value of the resistance. It 
may be seen that as the resistance is de- 
creased toward zero, the initial value 
E/R of the transient current becomes ex- 
tremely high. In the more complicated 
case of a damped oscillation with inductance 
present, the resistance loss must be the same. 

W. M. LEEDS (M38) 


(Manager, circuit breaker development section, 
Westinghouse Electric Corporation, East Pittsburgh, 
a 


To the Editor: 


The electrical essay for April illustrates 
the danger of setting up a “theoretical” 
problem without considering whether the 
conditions are theoretically justifiable. 
The fallacies in the problem as stated lie in 
assuming (1) the inductance of the circuit 
may be neglected, (2) a condition of static 
equilibrium will be attained. 

NORTON SAVAGE (A’41) 


(Engineering assistant, Federal Telephone and Radio 
Corporation, Clifton, N. J.) 


To the Editor: 

Referring to the electrical essay in the 
April issue, my practical comment is: 
Why assume the impossible? However, if 
the assumption of the impossible is permis- 
sible, why not consider what happens when 
a capacitor discharges through a circuit of 
negligible inductance and resistance? In 
this case the entire energy stored in the 
capacitor disappears, not one half. 

The only realistic way to consider a 
situation of this sort is to treat it as a limit- 
ing case of vanishingly small resistance and 
inductance. This method explains the 
result correctly. As is done in the essay, I 
use circuit theory, not field theory, which 
is not entirely correct. 

WALDO V. LYON (F ’33) 


(Professor of electrical machinery, Massachusetts Insti- 
tute of Technology, Cambridge, Mass.) 


To the Editor: 

Referring to the electrical essay in the 
April issue, the fallacy in the statement of 
the problem resides in the assumption that, 
if the resistance in circuit between the 
two capacitors is negligible, the energy dis- 
sipated in that resistance will be negligible. 
The expression for the rate of dissipation 
of energy in a resistance across which is 
impressed a given potential is E?/R which 
varies inversely with the resistance. 

J. LESTER WOODBRIDGE (F ’21) 


(Patent department, Electric Storage Battery Com- 
pany, Philadelphia, Pa.) 
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To the Editor: 

I read with interest your electrical essay 
in the April issue. I would like to propose 
a corollary. Since the resistance and in- 
duction are negligibly small, the circuit 
will oscillate at infinite frequency for an 
infinite time. This will make a good 
perpetual motion radar set. 

OTTO J. M. SMITH (A’42) 


(Research Laboratory, Scranton Record Company, 
Scranton, Pa.) 


To the Editor: 

The electrical essays which appear from 
time to time in Electrical Engineering teach 
a strong lesson against the complete reli- 
ance on intuition in the solution of engi- 
neering problems. It is hoped that this 
department will be continued, not only 
for the recreation that it offers, but for its 
educational value in electrical funda- 
mentals. 

W. B. CONOVER (A ’42) 


(Works laboratory, General Electric Company, Pitts- 
field, Mass.) 


To the Editor: 

The law of conservation of energy always 
holds—even in the case of the electrical 
essay published in April 1946—as long as 


MICROFARADS 


all the circuit parameters are included. 

The resistance of the circuit is never so 
negligibly small that considerations of 
energy lost, especially in a transient circuit, 
may be tossed out the window. 

No fair, gentlemen—include the resist- 
ance, put the heat back on, and let the 
energy dissipate as it ought to. 

STANLEY C. MARSHALL (A °44) 


(Editor of technical publications, Sauerman Brothers, 
Inc., Chicago, III.) 


System of Graphing 
Capacities and Inductances 


To the Editor: 

Aletter to the editor in the December 1945 
issue of Electrical Engineering, page 469, brings 
to mind a simple precise system of graphing 
capacities and inductances, at the same 
time indicating impedance, as shown in 
Figure 1. Used in conjunction with Keuf- 
fel and Esser Company sheet number 
359-47, values of all inductances and ca- 
pacities with their impedances are obtained 
easily and precisely. 

A, S. RUNCIMAN (M.’35) 


(Superintendent, Shawinigan Water and _ Power 
mpany, Montreal, Quebec, Canada) 


An Analysis of 

_Electromagnetic Forces 
To the Editor: 

In the October 1945 issue of Electrical 
Engineering you published an article by 
W. A. Tripp titled ““An Analysis of Elec- 
tromagnetic Forces.” 

In this article the author criticizes the 
concept of the attraction of two parallel 
currents of equal direction, because two 
streams of electrons in parallel motion of 
equal velocity (which represent two parallel 
currents) cannot attract each other due to 
their velocity, as they have no relative 
motion. He then postulates new laws of 
nature governing electromagnetic phenom- 
ena and cites the observed constrictions of 
molten metals in which current flows as 
proof of these theories. 

However, the attraction of two streams 
of electrons in parallel motioncan bederived 
from electrostatics using the formulas of 
special relativity. Proof of this also will 
contain the answer to the author’s question: 
“If parallel currents attract each other, 
why was the attraction of parallel electron 
streams never observed’’? It also will ex- 
plain the constriction of molten metals by 
passing direct currents. 

Let us consider a co-ordinate system S$ 
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Graphical representation of inductive and capacitive impedance for F =1,000 kilocycles 
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NEW BOOKS eee 


vethey bring no material not previously 
known, will clarify the nature of electro- 
‘magnetic attraction of currents to those to 
whom this concept is s not entirely clear. — 


: : ALFRED GRONNER 
‘ _ (Montevideo, Uruguay) 
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“Extinguishing and Alarm Equipment 
(National Fire Codes, volume 4, 1946 
-edition).”” This edition of the Notional 
Fire Codes increases to 47 the standards 
dealing with automatic sprinklers and water 
supply, fire extinguishers, municipal and 
rural fire apparatus, watchman service, 


_and other related features of supervision 


and maintenance. Suggesting measures 
providing reasonable safety without undue 
expense or inconvenience, in general these 
standards specify the methods of installa- 
tion but do not attempt to rule as to the 
conditions under which the several kinds of 
protection should be provided. This 
volume’ supersedes the edition of 1943. 
All the codes are in the form of suggested 
ordnances, standards, or recommended 
good practice requirements and are 
recognized as authoritative guides to the 
best practices. The National Fire Protec- 
tion Association, Boston 10, Mass., 1946. 
735 pages, cloth, $3. 


The following new books are among those recently 
received at the Engineering Societies Library. 
Unless otherwise specified, books listed have been 
presented by the publishers. The Institute as- 
sumes no responsibility for statements made in the 
following summaries, information for which is taken 
from the prefaces of the books in question. 


SYMPOSIUM ON MAGNETIC PARTICLE 
TESTING. American Society for Testing Materials, 
260 South Broad St., Philadelphia, Pa., 1945. 122 
pages, illustrated, 9 by 6 inches, paper, $1.25. Eight 
papers by authorities and two tentative methods for 
testing are contained in this symposium. Topics 
covered by the articles include the equipment, speci- 
fications, and procedure for magnetic particle inspec- 
tion; the application of the method to the testing of 
aircraft parts; and the inspection of castings and 
forgings. 


VORLESUNGEN UBER DIFFERENTIAL GEOM- 
ETRIE UND GEOMETRISCHE GRUNDLA- 
GEN VON EINSTEINS RELATIVITATSTHEO- 


RIE. Volume I, Elementare Differentialgeometric. . 


By W. Blaschke, Third edition, prepared by G. 
Thomsen, published by; Dover Publications, New 
York, N. Y., 1945. 322 pages, illustrated, 83/4 by 
51/2 inches, cloth, $3.50. Essentially a textbook of 
differential geometry in a Euclidean space of three 
dimensions, this volume provides also an introduction 
to original research in the field. The following is a 
partial table of contents: Introduction-vectors; theory 
of curves; elements of the theory of surfaces; invariant 
derivatives on a surface; geometry on a surface; prob- 
lems of surface theory in the large; extremal properties 
of curves and surfaces; line geometry. Particular 
emphasis is placed on the relations between differential 
geometry and the calculus of variations. 


RELAY ENGINEERING. By C. A. Packard. 
Struthers-Dunn, Philadelphia, Pa., 1945. 640 pages, 
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POLAR MOLECULES. By P. Debye. Dover Pub- 
lications, New York, N. Y., 1945. 172 pages, illus- 
trated, 83/4 by 51/2 inches, cloth, $3. 50. _A survey} 
presented of the questions which arise in connection — 
with the conception of polar molecules as systems hhav- 
ing a distribution of electric charges which can be 
characterized by a permanent electric moment. The 
treatment is comprehensive, and the introduction of 
quantum theory makes it possible to develop in detail — 


' the connection between polarity and the phenomena of 


dispersion and absorption, especially in the infrared. 


DEVELOPMENT OF MATHEMATICS. By E. T. 
Bell. McGraw-Hill Book Company, Inc., New York, 
N. Y., and London, England, 1945. 637 pages, 9 by 
53/4 inches, cloth, $5. Although this book covers the 
evolution of mathematics from about 4000 B.C. to 
the present day, it is not strictly a history. The 
author’s intent is rather to indicate main trends over 
this period, presenting them only through typical 
major episodes in each. Chief principles, methods, 
and theories are considered in both pure and applied 
mathematics. The author clearly shows how seemingly 
unimportant phases have been developed into useful 
lines of endeavor. 


AUTOBIOGRAPHY OF SCIENCE. Edited by F. 
R. Moulton and J. J. Schifferes. Doubleday, Doran 
and Company, Inc., Garden City, N. Y., 1945. 666 
pages, tables, 81/, by 51/4 inches, cloth, $4. From the 
time of the earliest records to the 20th century, the 
great triumphs of science in all fields are recorded in 
this volume in the original words of those who achieved 
them. The introductory notes by the authors im- 
mediately preceding the separate items provide brief 
information about the lives, activities, and achieve- 
ments of the men whose writings are presented. This 
unusual collection will be of interest to those who like 
their information firsthand, allowing for the necessity 
of translation from foreign languages. 


AUFGABEN UND LEHRSATZE AUS DER 
ANALYSIS. Volume I. Reihen, Integralrechnung 
Funktionentheorie. 342 pages. Volume 2. Funk- 
tionentheorie, Nullstellen, Polynome, Determinanten 
Zahlentheorie. 412 pages. By G. Polya and G. Szego. 
Dover Publications, New York, N. Y., 1945. Tables, 
83/4 by 51/2 inches, cloth, $3.50 each volume. The 
purpose of this text is to present not merely a collection 
of problems but an arrangment of the problems in 
such order and grouping as will cultivate good habits 
in the mathematical thinking of the student. Accord- | 
ingly the two volumes cover the following topics in the 
field of mathematical analysis as follows: Volume I, 
infinite series and sequences; integral calculus; func- 
tions of a complex variable-general part. Volume II, 
functions of a complex variable-special part; location 
of zeros; polynomials; determinants and quadratic 
forms; number theory. 


ART OF PLAIN TALK. By R. Flesch, foreword by 
L. Bryson. Harper and Brothers, New York, N. Y., 
and London, England, 1946, 210 pages, tables, 
81/4 by 5 inches, cloth, $2.50. Two years ago Mr. 
Flesch published his doctor of philosophy dissertation, 
“Marks of Readable Style.” This book is a less formal 
presentation of the subject matter. It is not a book on 
basic English. Scientific studies of readability have 
produced a formula based on sentence length, and on 
the number of affixes and personal references included. 
The main feature of this book is this formula which is 
intended only as a yardstick, However, readers are 
warned not to allow the rules and computations to 
obscure the principles of plain English. Examples of 


difficult material rewritten in simple English are in- 
cluded, 


BUILDING AN ENGINEERING CAREER. By 
C. C, Williams. Second edition, revised. McGraw- 
Hill Book Company, New York, N. Y., and London, 
England, 1946. 309 pages, illustrated, 81/4 by 51/2 
inches, cloth, $2.50, An orientation course for fresh- 
men engineers. The author discusses what engineer- 
ing is and how to study it, gives something of its his- 
torical background, and calls attention to modern 
achievements, . 
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"What’s Ahead for the Veteran. By Ted 


Public Donia” “* 
expiring patents publi 
D ' 


Scrptione’ for one your: § 
$25; for ten weeks, , $10; 


A amic Equipment licy | 
Mirren Allied Produ 
stitute, 221 North | aahasine 
Ill. Single copies, 25 cents; 5 

15 cents each; 25 copies or over, 1 oe 
each; 26 pages. af : ay 
How to Buy Surplus Machine Tools. a 
National Machine Tool Builders’ Ass« 
tion, 10525 Carnegie Avenue, Cleve 
6, Ohio, 21 pages. Pee 


The Foreman and the Veteran. By Ted i” 
Handelman. National Foreman’s Insti- 
tute, Inc., Deep River, Conn., 32 pages, — 
25 cents, subject to quantity discount. 


Handelman. National Foremen’s Institute, _ 
Inc., Deep River, Conn., 22 pages, 15 cents, 
subject to quantity discount. . 


he’, * 


Publicity for the Small Company. By 
James W. Corey. National Electrical 
Manufacturers Association, 155 East 44th 
Street, New York 17, N. Y. Copies pe 
be obtained at cost. =~ 


Airport Electrical 
house Electric Corpor. 
Pittsburgh 30, Pa. 


Protection of Electric Circuits and Ma- 
chines. By C. F. Hedlund, A. L. Brown. 
Associated Factory Mutual Fire Insurance 
Companies, Inspection Department, 184 
High Street, ros 10, Mass., 72 pages, 
$2. 


Production Moves Ahead. By the Direc- ~ 
tor of War Mobilization and Reconversion. 
Bureau of Special Services, Bureau of the 
Budget, 1400 Pennsylvania Avenue N. W., 
Washington, D. C., 56 pages. 


The Tin Research Institute 1942-1944. 
A report of the work of the Institute, its 
current researches, and their bearing on 
future developments. Fraser Road, Green- 
ford, Middlesex, England. Represented in 
the United States by: Battelle Memorial 
Institute, 505 King Avenue, Columbus, 
Ohio, 32 pages. 


Vickers, Rockwell,and Brinnell Hardness 
Values for Various Materials and Alloys. 
Achart. Prepared by J. T. Agnew. Engi- 
neering Experiment Station, Purdue Uni- 
versity, Lafayette, Ind. 
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All-Electric Gun Charging 


WILLIAM C. ROHN 


NONMEMBER AIEE 


4 UN-CHARGING DEVICES are 
J used to actuate the mechanism of 
automatic machine guns and_ cannon. 
This is required initially in order to pre- 
pare the weapon for automatic operation, 

_ot when misfire, misfeed, or any such mal- 
function renders the gun inoperative. It 
should be noted that automatic guns de- 
pend upon the force of recoil, gas pressure 
generated by the exploding cartridge, or 
both, to perform the task of extracting 
and ejecting the spent cartridge and de- 
livering a live round into the chamber. 
The operation of charging consists of re- 

_tracting the breech block for a stroke of 
from seven to ten inches, depending upon 
the caliber of gun, and then releasing it to 
return unimpeded to battery* under the 
force of the block-driving spring. Ex- 
traction, ejection, feeding, and cocking 
occur by means of cams, pawls, and levers 
actuated by movement of the breech 
block as in normal firing. 

When guns on pursuit airplanes were 
mounted in the fuselage or in manually 
operated turrets, it was possible for the 
pilot or gunner to charge them by hand. 
As more .guns were added, they were 
often mounted in remote positions in the 
wings. This and the advent of the re- 
mote-controlled turret made manual 
chargers impractical. 

Various types of automatic, semiauto- 
matic, and manually controlled power 
chargers have been introduced. These 
devices are hydraulically, pneumatically, 
or electrically powered and either manu- 
ally or electrically controlled. 

Both the hydraulic and pneumatic 


Paper 46-1, recommended by the AIEE committee 
on air transportation for presentation at the AIEE 
winter convention, New York, N. Y., January 21- 
25, 1946. Manuscript submitted June 11, 1945; 
made available for printing October 9, 1945. 


Wititram C. ROHN was project engineer, aircraft 
armament department, Bendix Products Division, 
South Bend, Ind., at the time this manuscript was 
prepared. He is at present assistant chief engineer, 
Allied Control Valve Company, Inc., South Nor- 
walk, Conn. 


The author acknowledges the assistance of G. A. 
Goepfrich and J. M. Boshka. 

*A gun is in “‘battery’’ when the breech is closed 
and in firing position. 
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types of chargers are piston devices. A 
cylinder is placed parallel to the motion of 
the breech block, and a projection on the 
piston engages the block and actuates the 
mechanism of the gun. The driving 
force in the case of the hydraulic charger 
is oil pressure, tapped usually from the 
hydraulic system on the aircraft but 
occasionally from individual electrically 
driven units. The pneumatic charger 
almost without exception requires a 
separate source of compressed air, as few 
fighter craft have pneumatic systems. 
Cylinders of compressed air or carbon 
dioxide are the usual provision, either 
with one tank supplying all of the charg- 
ers or with individual containers for each 
gun. Separate electrically driven com- 
pressor units have also been introduced. 

Either a hydraulic or pneumatic system 
necessitates piping and valving which are 
both bulky and vulnerable. Leakage of 
the fluid, especially at the charging cylin- 
der or at rotating glands in turret instal- 
lation, has always been a serious problem. 
It was only natural then that thought 
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Ye CHARGING CABLE 


was directed toward the development of 
an all-electric charger. ‘ 

When the charger to be described was 
first contemplated, the following points 
were considered prerequisites of a good 
design that would overcome most of the 
known difficulties of electric chargers in 
existence. 


1. Adjustment should not be critical, and 
any charger should be readily transferable 
to any gun of similar type and model with- 
out readjustment. 


2. The unit should be adaptable to more 
than one type of gun with only minor 
changes. 


3. As much of the working parts of the 
charger should be detached from the gun as 
possible in order that these parts are not 
subjected to the high-acceleration loads 
that are normal to automatic weapons at a 
high rate of fire. : 


4. Any attachments on the gun should pro- 
ject as little as possible into the area im- 
mediately around the gun, as this space is 
often limited in wing and turret installations. 


5. A means should be provided to apply re- 
peated charging efforts to a gun which does 
not respond to the initial force exerted on 
the breech block. 


6. Means should be incorporated in the 
charger to “safety” the gun. This requires 
holding the breech block out of battery, 
which is a positive assurance that the weapon 
cannot fire. The principal uses of this 
feature are to stop a gun which has become 
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CHARGING CABLE 
ROLLER-DETENT, HOUSING-SHEAVE 


Figure 2. Diagram of detent and sheave 
assembly 


overheated and is ‘‘cooking-off”’ ammunition 
out of control and also to prevent accidental 
discharge due to the impact of carrier land- 
ings. 


The resulting design consists of three 
basic units: 


1. An electric-motor-driven speed reducer 
coupled to a torque-limiting detent. 


2. An attachment to the body of the gun 
consisting of a sliding member which engages 
the breech block, and a guide for this mem- 
ber. Also two switches, one actuated by 
the sliding member of the charger and the 
other by the breech block of the gun. 


3. A control box, mounted for convenience 
on the motor. 


The motor is series wound, 24 volts 
direct current, developing approximately 
one-third horsepower at 15,000 rpm. 
This drives a four-stage spur-gear train 
(Figure 1) having a total reduction of 256 
tol. The last stage of the speed reducer 
is coupled by a spline shaft to the torque- 
limiting detent (Figure 2). This mecha- 
nism consists of a cage driven by the 
splined drive shaft. The detent plunger 
and spring are supported and guided by 
this member. The sheave or grooved 
drum upon which the charging cable 
winds straddles the detent cage and is 

‘supported by bearings in the sheave 
housing on either side. The detent cage 
is driven in the direction indicated and 
when the roller arrives at the position 
shown against the face of the internal 
cam in the sheave it forces the sheave to 
rotate with the cage. The cable being 
attached to the sheave therefore winds on 
its periphery, resulting in a linear pull. 
The magnitude of this pull is determined 
by the torque transmitted to the sheave, 
and this in turn is a function of the spring 
force and the angle of the face of the de- 
tent cam which the roller is forced to 
climb. The desired cable pull is trans- 


t Ammunition is said to ‘‘cook off’? when it is dis- 
charged by contact with an overheated firing cham- 
ber instead of being ignited by the primer. 
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lated in terms of torque, and the detent 
mechanism is adjusted to this figure. In 
operation then the roller engages the cam 
and rotates the sheave drawing in the 
cable. The other end of the cable is 
fixed to the sliding member of the attach- 
ment on the gun which engages the breech 
block (see Figure 3). The breech block is 


’ thereby forced rearward until its entire 


stroke is consumed and further move- 
ment is impossible. At this point, the 
torque transmitted to the sheave in- 
creases until it exceeds the setting of the 
detent mechanism and the roller is forced 
over the cam. The sheave is now free to 
rotate in the opposite direction urged by 


‘both the breech-block-driving spring and 


charger-return spring acting through the 
charger cable. The motor is stopped by 


dynamic braking, and the ratio of the 
charging stroke to the circumference of 
the sheave is arranged so that the cam 


Figure 3. Attachment to 


Figure 4. 


comes to rest in a relationship to the de- 
tent roller convenient for the successive 
charging operation. The roller is in con- 
tact with the sheave brake surface during 
a portion of the return stroke to absorb the 
kinetic energy stored in the sheave mass. 


The flexible cable transmitting the f 


charging force from the power unit to the — 


it 


sliding member of the attachment on the © 
gun passes through a sheath that is — 


flexible, but rigid in compression. 

The compressive load necessary to bal- 
ance the tension in the cable is taken 
through this sheath and thereby allows 
practically universal position relationship 
between the gun and the charger power 
unit (Figures 4 and 5). In order to in- 
crease further the versatility of position- 
ing, the sheave housing mounts sym- 
metrically on the speed-reducer housing 


to provide eight directions of cable orien- - 


tation (Figures 6 and 7). 


Figure 5. 


Two-gun 50-caliber semiautomatic electric charger installation; total weight, 


11.5 pounds 
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by a loti in ne putts the so that the pro- 
jecting lug will engage the breech-block 


best seen in the diagram, Figure 8. The 
charging switch is actuated by the lug on 
the slide only, and the gun switch on the 
“other hand is actuated by the charging 
- stud of the breech block. The charging 
_ switch normally is closed, but is held open 
_ by the charger lug in its normal position 
_ under the influence of the charger-return 
4 spring. The gun switch is normally open 
and is closed by the breech-block stud at 
its extreme rear position which occurs 
_ during a normal firing or a charging cycle. 
The entire control apparatus is housed 
in a sheet-metal box supported on the 
motor. It may be mounted either above 
as shown or on the under side, depending 
upon the space characteristics of the in- 
stallation. Three relays, a capacitor, and 
_a thermal circuit breaker constitute the 
control elements for a single-gun fully 
automatic installation. 

‘A brief description of the sequence of 
events in a fully automatic charging oper- 
ation is as follows: 

Refer to diagram, Figure 6, and con- 
sider first a normal charging cycle. With 
the control switch in the battery position 
and the circuit breaker closed, depress the 
trigger. This energizes the initiating re- 
lay, opens its normally closed contacts 
and removes from the capacitor and the 
time-delay relay one of the sources of 
positive potential. Continued firing of 
the gun now will maintain the other 
source intermittently through the gun 


. 


Figure 6. Speed reducer, motor, and control- 
box assembly 
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switch actuated by the breech-block 
charging stud. Should the gun jam? or 


fail to fire, the gun switch will remain 


open, thus allowing the voltage across the 
capacitor and time-delay relay to fall as 
the capacitor slowly discharges through 
the relay. In about one third of a second 
this voltage will be low enough to cause 


Figure 7. Speed reducer, motor, and control- 
box assembly for two-gun installation 


the time-delay relay to close its contacts 
energizing the motor relay which starts 
the motor. The motor now will run until 
the breech-block stud actuates the gun 
switch which energizes the time-delay re- 
lay, opening the circuit to the motor re- 
lay. At this point the motor will stop 
unless some other means is provided to 
keep the motor relay energized until the 
charging cycle has been completed. Such 
means is provided by the action of the 
charging switch which closes a circuit to 
the motor relay as soon as the motor has 
drawn the charging lug slightly rearward. 
At the end of the charging cycle, the lug 
has returned to its forward position, open- 
ing the charging switch contacts and de- 
energizing the motor relay. The nor- 
mally closed contacts of the motor relay 


t A gun “‘jam”’ includes any malfunction which pre-’ 


vents normal operation. 
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Figure 
automatic charger 


provide a circuit for dynamically braking 
the charging mechanism to eliminate 


overtravel and position the detent prop- 
itican; 


erly for the next charging cycle. 
readily be seen that, if the rearward 
movement of the breech block is impeded 
at any point by malfunction of the gun, 
the torque-limiting detent will trip as in 
normal charging. This returns the slide 

‘and lug to the forward position, and 
another charge will ensue. Thus, re- 
peated impacts will be delivered to the 
breech block, assuring a maximum possi- 
bility of correcting the malfunction and 
restoring proper operation of the weapon. 
The thermal circuit breaker is set to allow 
between six and ten charges before trip- 
ping and disconnecting the unit. 

In order to “‘safety”’ (design item 6) the 
gun, itis only necessary to initiate a charg- 
ing cycle and then stop the operation 
when the breech-block stud actuates the 
gun switch. By placing the control 

switch in the safety position, this is ac- 
complished by the following sequence: 
Opening the circuit to the initiating relay 
contacts allows the capacitor to discharge, 
releasing the time-delay relay. This initi- 
ates a charging cycle the same as the nor- 
mal one previously described. The con- 
trol switch, however, also opens the cir- 
cuit to the charging switch which allows 
the motor relay to drop out as soon as the 
gun switch energizes the time-delay relay, 
opening its contacts. The control switch 
may now be moved to the “‘off’’ position 
and the gun and charger left in the safety 
position with all power disconnected. 
The gear train is prevented from running 
in. reverse with this imposed load by a 
spring-type ratchet clutch in the speed 
reducer. Returning the control switch to 
battery position completes the circuit 
through the closed charging-switch con- 
tacts to the motor-relay coil. The motor 
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HE GOVERNOR described herein 

was designed for application on air- 
craft inverters, to hold the speed and, con- 
sequently, the output frequency substan- 
tially constant. While such a governor 
may be used on a variety of d-c motors, 
the discussion is confined to the operation 
of controlling the speed of a d-c motor 
which drives an a-c generator. 


7 Comparison With Carbon-Pile 
Voltage Regulator 


The problem of governing the speed 
of a d-c motor is not unlike that of con- 
trolling the voltage of an a-c generator— 
both involve sensitive variation of excita- 
tion of a d-c field in response to variation 
of the controlled quantity. By sensitive 
variation is meant a rapid or large change 
in excitation coincident with a small 
change in the controlled quantity. For 
example a two-per-cent change in either 
voltage or frequency of the generator 
output should produce perhaps 50-per- 
cent change in excitation of generator or 
motor field, respectively. Such a device 
may be regarded broadly as a rate-of- 
change amplifier with a high amplifica- 
tion ratio around the control point. 

A contact-making: regulator is the 
simplest form of such a device and has 
been used widely for both voltage and 
speed regulation. The limitations of a 
contact-making regulator are well known; 


€ 
"ir 


and the advantages of a carbon pile for 


frequency regulation are exactly the same > 


as for voltage control. Briefly, the func- 


- tional advantage of the carbon pile is that 


it varies field excitation by infinitesimal 


- steps so as to achieve a point of stability 


on a smooth curve for any given condi- 
tion. A contact-making device on the 


other hand causes a more or less rapid — 


fluctuation of field current by finite steps 
and thereby creates a modulation in out- 
put voltage. In the case of a speed gover- 
nor this modulation is minimized not 
only by field inductance but also by rotor 
inertia; yet this modulation still exists 
in some degree. Practical disadvantages 
of the contact-making devices are that 
contact-point deterioration may affect 
performance; and such devices may con- 
tribute to radio interference. The ordi- 
nary carbon-pile voltage regulator when 
viewed as an amplifier may be compared 
with a triode amplifying tube by drawing 
an analogy between carbon-pile resist- 
ance and cathode-to-plate impedance; 
and between solenoid voltage and grid 
voltage. 

The carbon-pile voltage regulator easily 
may be used to control speed by introduc- 
ing either an inductance or a tuned circuit 
in series combination with the solenoid of 
the carbon pile so that it will be sensitive 
to frequency change. It may be men- 
tioned incidentally that carbon-pile opera- 
tion for a voltage regulator is opposite to 


and efficient way is to utilize thrust te 
sulting from centrifugal force on 1 
weights supported by springs. In a 
arrangement the spring is the basic refer- 
ence for control just as it is in the voltage 
regulator. Incidentally it is interesting to. 
note that centrifugal force varies as the — 
square of the speed; and the force acting 
on the armature of a voltage regulator for — 
a constant gap varies as the square of the 
solenoid voltage. 

In the case of an armature moving in 
response to magnetic pull from a solenoid, 
ordinary simple construction results in 
this pull varying as a square function of 
the armature position. However, when 
weights move as a result of centrifugal 
force, the force varies only directly as the 
radius. Hence it is not necessary to pro- 
vide special spring forms to prevent in- 
stability in the speed regulator. 

Relatively large values of thrust are 
obtained easily with small weights at the 
speeds characteristic of aircraft inverters. 
No expenditure of energy is involved ex- 
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then will run until the return of the 
charging lug opens the charging switch, 
de-energizing the motor relay. 

Several units may be linked to the same 
trigger and control switch. It is only 
necessary to connect corresponding leads 
in parallel at a suitable junction box in 
such times, 

Variations of this circuit adapt the 
charger to different automatic weapons 
having approximately the same breech- 
block stroke. Another modification is 
the semiautomatic system which requires 
the charging operation be initiated by the 
gunner pressing a button and is then 
carried to completion automatically. 
With this system two guns may be 
charged simultaneously by one power unit 
containing two detent assemblies, pro- 
vided the force required to retract the 
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breech block does not exceed 250 pounds 
per gun (Figure 7). 

The charging cycle, when operating a 
50-caliber machine gun, is approx- 
imately one second, and the current drain 
is eight to nine amperes. Two 50- 
caliber guns require approximately 15 
amperes and charge in about 11/2 seconds. 
These figures pertain to room-tempera- 
ture operation. The unit, however, will 
operate satisfactorily at 65 degreés 
Fahrenheit, at approximately twice the 
normal charging time. The unit will 
handle one weapon of 50-caliber or 20- 
millimeter size with fully automatic 
operation at a total apparatus weight of 
nine pounds. Two weapons of either 
size may be served semiautomatically at 
a total weight of 111/, pounds. 

Weight and dependability are the most 
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important considerations in selecting the 
type of gun charger to use in an installa- 
tion. If, for instance, an airplane has a 
hydraulic system of proper character- 
istics, a hydraulically powered charger 
electrically controlled may be the sim- 
plest and lightest type of installation. 
When an airplane has no hydraulic sys- 
tem and a considerable number of guns 
are to be used, a pneumatic charging sys- 
tem could have an advantage in weight 
since the weight of the compressor per gun 
may be comparatively small. 

In an installation where guns are few or 
difficulties are encountered in sealing 
hydraulic or pneumatic fluids, such as in 
turrets that require rotating glands or re- 
leasable package-gun containers, an all- 
electric gun charging system has definite 
advantages. 
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_ Figure 1. Rotating unit, side view of weight 
and spring assembly 


- cept a minute amount of windage and 
friction in transmitting a light force from 
the rotating assembly to the carbon pile. 
While the centrifugal force varies as 
_ the square of the speed, the pressure on 
the carbon pile varies at a much higher 
_ tate. Just as in the case of the voltage 
| regulator, the primary force is resisted by 
a spring, and the pressure on the carbon 
pile is a differential and may be referred 
to as a secondary force. Thus we may 
have a 10-pound thrust created by centri- 
fugal force resisted by 9 pounds and 15 
- ounces from the spring and one ounce from 
the carbon pile. If the speed is increased 
one per cent, then the primary force be- 
comes nearly 10 pounds 3'/, ounces. If 
constant spring tension is assumed, this 
means that the force applied to the carbon 
pile increases from 1 ounce to 4!/, ounces 
for a one-per-cent speed change. 

For an inverter designed to operate at 
8,000 rpm, for example, the governor car- 
bon pile preferably should be subjected 
to not more than a light constant pressure 
to prevent sparking between disks until 
the speed is around 7,500 rpm. The pres- 
sure on the pile, as stated previously, 
should have its maximum rate of change 
at very close to the desired operating 
speed. In order to provide some shunt 
field for starting and accelerating, the 
carbon pile may have a light initial pres- 
sure provided by a spring, or have a fixed 
resistor connected in parallel with it, or 
both. 


Description of Rotating Assembly 


The physical construction of the 
governor may be explaiped in orderly 
manner by starting with the part which at- 
taches to the motor shaft and proceeding 
outward. At the left in Figure 1 is seen 
a split expanding plug which is placed 
in a hole in the motor shaft. There is a 
screw which enters a tapered thread in 
the plug for tightening. In order to make 
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this screw accessible, the rotating yoke 
separates from the plug by removing two 
screws. When in place, the yoke is held 
in concentric position by a pilot which 
enters a counterbore in the head of the 
plug. 

The yoke carries a flat tension spring 
which lies substantially in a plane per- 
pendicular to the axis. This spring car- 
ries a weight at each end in the position 
shown by Figure 1. The weights are 
riveted not only to the tension spring but 
also to the ends of a compression or arch 
spring. The latter is parallel to the ten- 
sion spring and spaced from it by small 
separator blocks through which the weight 
rivets pass. The centers of gravity of the 
weights are on the inboard or plug side of 
the tension spring. The centrifugal force 
created by the rotating weights combines 
with a centripetal force in the tension 
spring to form a couple. This couple is 
balanced by a radial force in the arch 
spring acting as a column plus an addi- 
tional component of force in the tension 
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Figure 2. Rotating unit, rotated 90 degrees 
from view of Figure 1 


spring. This simple balancing of radial 
forces is approximate only, as it is com- 
plicated by bending of the tension spring 
and the additional couples developed by 
the bending of the restrained ends of the 
arch spring. 

As the centrifugal force increases, the 
compressive force on the arch spring be- 
comes larger, so that the latter buckles 
and its center moves outward. The cen- 
trifugal force actually increases more 
rapidly than the square of the speed, 
since the centers of gravity of the weights 
are at an increasing radius. The force 
which a column will support is not linear 
with respect to displacement of its ends. 
As a matter of fact it is disclosed in the 
appendix that after a flat spring acting 
as a column starts to buckle, the force is 
substantially constant over a wide range 
of deflection. Also lateral displacement 
of the center of a column is not linear 
with respect to displacement of its ends. 
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The net result is that the curve of dis- 
placement of the center of the arch spring 
plotted against speed with the latter on 
the horizontal axis is concave upward for 
a considerable distance. (dy/dS increases 
rapidly with S where y and S are the two 
quantities just mentioned.) As speed 
continues to increase, the arch spring 
comes in contact with the steel ball, 
which in turn presses against the station- 
ary carbon-pile assembly. Thus there 
is a more or less abrupt stop to the 
change in configuration of the rotating 
weight and spring assembly resulting 


. from increasing speed. 


Also mounted on the rotating yoke is a 
third thin spring in a plane parallel to the 
tension spring but with its length at right 
angles to it (Figure 2). For convenience 
this may be called a diaphragm spring. 
It is attached rigidly to the yoke at its 
ends by eyelet rivets. 

This diaphragm spring has two trans- 
verse corrugations near its ends so that 
it can stretch in length. Its center is 
required to move only a few thousandths 
of an inch, and it is made to be as flexible 
as possible consistent with maintaining 
concentricity of the small hardened steel 
ball which it carries in its center. This 
ball is held in a hole in the diaphragm 
which is cut after the diaphragm spring is 
assembled on the yoke and while the lat- 
ter is rotating. This procedure provides 
the maximum assurance that the hole for 
the ball will be on the center line of rota- 
tion. 

Figure 3 is a view of the rotating unit 
from the end having the steel ball. 

The final operation in manufacturing 
the rotating unit is to drill a small hole 
in each weight as needed, more or less 
like a balancing operation, to insure that 
the arch spring will make contact with the 
ball at a speed just slightly below the 
operating point. The steel ball rotates 
without slip and transmits axial thrust 
from the arch spring to the contact button 


Figure 3. Rotating unit, view from outboard 
end 
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of the carbon pile. This construction 
makes it possible to preset the governor 
quite closely by bringing the stationary 
unit up to a point where it is just touching 
the ball. 


Description of Stationary Assembly 


Proceeding from the inboard end out- 
wardly as before, there is a small button 
of low-friction self-lubricating material 
(Figure 4) with which the rotating ball 
makes contact. The contact surface ini- 
tially is flat and perpendicular to the 
axis so that no particular care in align- 
ment is necessary. This low-friction 
contact button is not of hard material, and 
a small dimple appears from operation, 
since point contact is not possible in 
transmitting thrust. 

The contact button is held by a cup 
made of insulating material capable of 
withstanding high temperature. Back 
of this cup is a contact disk to which is 
fastened a flexible pigtail attaching to a 
terminal for connection of the motor field 
lead. 

The contact disk is held lightly against 
the pile of carbon washers by a small 
radial fingered disk spring, bearing against 
the insulating cup. A stack of carbon 
washers approximately one inch long is 
held in place by a glass tube placed in- 
side a metal cartridge. 

The cartridge has an ear on one side, 
with a tapped hole parallel to the axis. 
A screw held by the supporting housing 
enters this hole for adjustment of the 
longitudinal position of the carbon-pile 
assembly. 

The inboard end of the cartridge is 
threaded on the outside. A flange screws 
on at this point, for holding and adjusting 
the disk finger spring, which determines 
the maximum resistance of the carbon 
pile. 

The cylindrical hole for the cartridge 
in the supporting housing has a radial 
slot or split with transverse screw for 
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Figure 4. Station- 
ary unit assembly, in 
section 


Figure 5. Curve assumed by arch spring in 
compression 


clamping, after the longitudinal position 
of the carbon-pile cartridge assembly is 
set. 

The electric circuit of the carbon pile 
is from pigtail to contact disk, and 
through the pile to the inside of the closed 
outboard end of the cartridge which is 
grounded through the supporting housing. 


Operation of the Governor 


Typical resistance versus speed char- 
acteristic is shown by the curve of Figure 
6. In normal operation the resistance 
range is from one to 30 ohms. 

The permissible voltage across the pile 
is about 20 volts maximum. 

Maximum watt dissipation is of the 
order of 25 watts, but this figure is sub- 
ject to modification, depending upon the 
individual application requirements, am- 
bient conditions, and ventilation pro- 
vided. Limiting ratings have not been 
definitely fixed at this time inasmuch as 
life-test data under a variety of conditions 
have not been accumulated. 


Appendix. Calculations for the 
Rotating Weight-Spring 
ssembly 


Centrifugal force is given by 
F,=M(27rN)?R 
where 


M=weight in pounds divided by 32.16 
N=revolutions per second 
R=radius in feet 
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Figure 6. Typical curve of governor charac- 
teristic showing resistance versus speed, for one 
adjustment and a particular set of carbon rings 


The total weight at each end of the 
spring assembly is 0.0356 pound. The 
center of gravity is at a radius of 0.843 inch 
from the center of rotation. At 7,500 rpm 
where the arch spring just starts to push the 
steel ball, the centrifugal force will be 


0.0356/ 7,500 \? 0.843 
Soar cae, eng SS 


x, 

The center of gravity of the weight as- 
sembly is at a distance of 0.162 inch from 
the center line of the tension spring. Thus 
the couple about the latter due to centifugal 
force is 


48 X 0.162 =7.75 pound-inches 


This is balanced by the couple due to 
compressive force in the arch spring F, 
with a lever arm of 0.187 inch (center-to- 
center distance between the two springs) 
plus the couple due to the bending at the 
ends of the arch spring. 

In order to determine the bending moment 
in the arch spring, the curve of Figure 5 is 
referred to. A and B are points of counter- 
flexure, with zero bending moment. The 


‘ moment at the ends and the middle is F,Y 


where 2Y¥ is total deflection. 


F,Y+0.187 F; =7.75 pound-inches 


whence 
TAO 
PF, =————_ 
“~ Y-+0.137 (1) 


The curve from A to B is a sine curve, 
and is the same as that of a column with 
ends free to turn, having length AB and 
supporting the load /;. Incidentally, each 
half of the total curve is symmetrical so that 
the part from A to the center if rotated 
180 degrees about A would coincide with the 
part from A to the left end. 

Euler’s formula for a column of length L 
and with free ends indicates that the column 
will fail if the load is 


w?EI 
hats (2) 
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For a steel spring having dimensions of 
0.010 by 0.5 by 0.848 inch, the moment of 
inertia J would be 


0.5 TOn 
Eis = 
12 0.01 o4 


If Z is 830X108, then EZ would be 1.25, 
and the limiting load would be about 171/2 
pounds. Actual test on a steel spring of 
these dimensions resulted in a measured 
force of 21 pounds maximum, which was 
substantially constant over a wide range of 


. deflection and up to the point where the 


spring took a permanent set. 

In Euler’s derivation of maximum load- 
ing for a column the shape of the curve 
formed by a column with free ends is given 
as 


F; 
y=Cy sin “y= 


where x and y are co-ordinates of the curve 
with x measured along the length of the 
column. 

From equation 2, this is found to be 
equivalent to 


(3) 


(4) 


mex 
y=(C, sin 77 

The constant C; is the maximum deflec- 
tion Y; and, as indicated, this is indeter- 
minate inasmuch as the force Fy is prac- 
tically constant for a wide range of de- 
flection. : 

It is interesting to note in passing that an 
oil-burner pump has been developed and 
patented utilizing the ‘“Euler-column” 
spring acting on a piston. The oil pressure 
resulting is substantially constant for a con- 
siderable piston travel, eliminating the need 
for a by-pass pressure regulator. 

An approximation of column deflection 
may be obtained by using the formula for 
maximum deflection of a simple beam sup- 
ported at the two ends and with load in the 
center. 
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Y= cee 5 
48 EI (5) 


It will be assumed that the beam has the 
same dimensions as the column, and that 
the bending moment at the center of each is 
the same. 

The bending moment at the center of the 
arch spring is FeY. The bending moment 
at the center of a beam with center load W, 
length L, and with supports at the free ends, 


is 1/4 WL. Equating these two moments, 


the beam load is found to be 


4F,Y 
Wie 
7 (6) 
Tf LZ is 0.848 inch, this results in 
W=4.75F,Y (7) 


From equations 5 and 7, 


_ 4.75 FiY 0.8438 


48 EI » 


Formula 8 reveals two things: 


1, Since the deflection of a simple beam is directly 
proportional to the load W, which in turn was as- 
sumed proportional to the existing bending moment 
and a direct function of the deflection, F2 is 
again shown to be a constant. 


2. This formula indicates Fs to be about 21 pounds, 
which checks the experimental result more closely 
than does Euler. 


Formula 8 can be rewritten as 


12EI 
ars (9) 
This gives a larger value for F, than the 
Euler formula by the ratio of 12 to x. 
Thus there is the choice of the Euler formula 
which is theoretically more accurate, and 
the simple beam formula which more closely 
checks experimental observation, at least 
for the actual spring used in the governor in 

question. 
If F, is taken as 21 pounds, and substi- 
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tuted in formula 1, the total deflection 2Y 
is seen to be 0.466 inch, at 7,500 rpm. This 
is more than permitted by the physical 
construction of the rotating unit before the 
arch spring touches the steel ball. In pro- 
duction, the weights are drilled until the 
desired deflection is obtained. In other 
words, the initial construction provides for 
overtravel, so that the units can be adjusted 
individually by removing weight. 

In operation, the resisting pressure from 
the carbon pile acting through the contact 
button and the steel ball limits the deflection 
of the arch spring after contact is made. 
Thus the compression-spring column action 
is effective at low speeds, but, as speed 
increases above the point where contact is 
made with the carbon pile, the further de- 
flection of the arch spring is a matter of a 
few thousandths of an inch. It may be as- 
sumed that at operating speeds differentials 
in centrifugal force will be reflected solely 
in change in carbon-pile pressure as all other 
forces or moments are substantially con- 
stant. 


Recapitulation of Symbols Used 


F,=centrifugal force 
F,=compressive force on arch spring 
M=mass of weight assembly on one side of 
rotating unit, in pounds divided by 
32.16 
N =revolutions per second 
S=revolutions per minute 
R=radius from center of rotation to center 
of gravity of weight assembly 
x=distance measured along arch spring, 
from point A to point B, Figure 5 
y=deflection of arch spring at any point x 
Y=maximum deflection, measured from 
center of line AB 
E=modulus of elasticity 
J =moment of inertia 
L=length of column, in this casee=AB 
W =load in center of beam, in pounds 
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where it is necessary to measure cur- 
rent in the range of from 5 to 100 kilo- 
amperes, one must often resort to the use 
of shunts, because 


1. Addition of a current transformer may 
materially change the impedance of the cir- 
cuit. 


2. Current transformers for large currents 
are unwieldy. 


8. The current may be pulsating direct 


current which would saturate a current 
transformer and render it useless. 


It is extremely important that the 


_ shunts used be carefully designed and so 


connected into the circuit that the meas- 
uring-circuit current is proportional to 
and in phase with the shunt current. 
There follows an analysis and a basis for 
the design of shunts for measuring these 
currents, so that there will be no voltage 
induced in the measuring circuit for any 
of the frequencies or harmonic compo- 
nents normally encounteredin themeasur- 
ing of currents of these magnitudes. 
Consequently, the measuring-circuit cur- 
rent will be a function only of a shunt 
current and the ratio of the resistance of 
the shunt to that of the measuring circuit. 


Physical Arrangement 


The shunts discussed herein are cylin- 
drical in shape because of the resultant 
simplification of the mathematical analy- 
sis and the relative ease of fabrication 
which that geometry affords. It is gener- 
ally desirable that the shunt be hollow so 
that the wall thickness can be made less 
than the skin depth at the rates of change 
of currentsinvolved. Since it may be de- 
sirable to water-cool the shunts, there is 
an additional advantage in using a hollow 
cylinder. 

The current which flows in the measur- 
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ing circuit is a function, not only of the 
points of connection to the shunt, but 
also of the geometry of the leads from the 
point of connection to the indicating or 
recording instrument. 

There are four limiting geometries of 
measuring-circuit leads which are possible. 
These are shown in Figure 1. For the 
purpose of calculation in this paper, the 
shunt is assumed to consist of part of a 
long straight conductor, and the return 
conductor is assumed to be sufficiently far 
away as not to affect the field of the shunt 
cutrent. Thus, the current produces a 
symmetrical field about the shunt. If 
this is not the case, the actual flux dis- 
tribution and the voltage induced in the 
leads can be calculated, but the process 
will be somewhat laborious. With the 
best arrangement (this will be shown later 
to be that illustrated in Figure 1D), the 
error resulting from the false assumption 
that the shunt is part of an infinitely long 
straight conductor is negligible. If the 
leads are connected.as in Figure 1A, that 
is, parallel to each other and perpendicu- 
lar to the axis of the shunt for sufficient 
distance so as to be effectively out of its 
field, the voltage across the measuring 
circuit will be the actual voltage between 
the planes perpendicular to the axis of 
the shunt at the points of connection of 
the measuring circuit. 

Figure 1B is another case of Figure 1A 
where the distance s is considerably 
smaller (in practice this would be as small 
as physical limitations would permit). 
For both of these arrangements, the 
measuring-circuit current is shown in the 
appendix to be 


1 = a 


R; © 48.191 “iy 3 —3b? 
Rm 2eRml0® dt|_4(1—b?) 


In up In =| (1) 
b Cc 


bA 
(102)? 


where 


im = the measuring circuit current in amperes 

7;=shunt current in amperes 

l=effective length of shunt between poten- 
tial connections in inches 

R;=effective resistance of shunt in ohms 

Rm=resistance of measuring circuit in ohms 

c=s/n 
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comes 


g? is a function a ey 

79/7, and has been plotted as 

these ratios in Figure 2. _ 
The measuring-circuit current then 


3.191 dig. F we 


im=ts 2 o108R,, at 


Rn 

If measuring-circuit leads are connected 
as in Figure 1C, the net voltage inducedin _ 
the measuring circuit is the difference be- 
tween the voltage induced in a wire in the © 
center of the shunt and the voltage in- 
duced in the shunt itself. 

The current in the measuring circuit is 
shown in the appendix to be 


3.19} a 3 Bb 1 


R; 
in = 
im=ts 2 to 0R, dil2 1-8 6 


1-359 A) j. pee 
4(1—b4)_ (1—54)3 ins | 4) 


or | 


R,; 3.19 dis 
im=ts R toR108 dt 2 (5) 
where 

-[i- ton) hy Seat 
162° tbh. by Ate 


rh ales 
cma] © 


g@ is a function only of 6 and is also plot- 
ted in Figure 2. 

Figure 3 is an oscillographic illustration 
of an exaggerated case of type of shunt 
connection in Figures 1A, B,andC. The 
measurements were made using a hollow 
copper pipe as a shunt and the shunt 
measurement compared to the current as 
measured by a current transformer. It 
is obvious that, with the geometry of the 
measuring circuit as in Figures 1A and B, 
the measuring-circuit current lags behind 
the main current. If the shunt connec- 
tion in Figure 1C is used, the measuring- 
circuit current leads the main current. 
This is also apparent from equations 1 and 
4. Itis evident that by using some inter- 
mediate geometry the number of flux 
linkages can be so controlled as to result 
in no net induced voltage in the whole 
measuring circuit (including the shunt as 
part of the measuring circuit). Conse- 
quently, the only voltage is that due to 
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the JR drop in the shunt. The measur- 
P ing-circuit current will therefore be pro- 
portional to the shunt current at every 
instant, for all rates of change of current 
for which the current density can be 
assumed to be approximately uniform. 

If the measuring circuit is arranged as 
_in Figure 1D, the measuring circuit cur- 
- rent is 


- _; Rs__3.191 dis i= n 
fash, lO, dtl 40 —b%) 

b4 1 a?—b? 5? a 
(1—62)? igo ations | 7) 


By setting equal to zero that part of 
equation 7 which emanates from induced 
voltage, it is possible to obtain a geometry 
in terms of the ratios ro/7; and s/7, which 
will result in a balance of flux linkages so 
that the induced voltages are canceled. 
The relationships between the ratios a, b, 
and c and the magnitude of the permeance 
factors are shown in Figure 4. The 
values of these ratios necessary to make 
the permeance factors and hence the in- 
duced voltages equal to zero are given in 
Figures 5 and 6. 

For these geometries for which there is 
no net induced voltage, the measuring- 
circuit current obviously will be propor- 
tional to the shunt current. It is well to 
keep in mind that these equations are 
based on the assumption of a uniform cur- 
rent density across the section of the 
shunt. This assumption is valid only if 
the wall thickness is less than the skin 
depth at the greatest rate of change to be 
encountered. For rates of change for 
which this is not true, the tendency will 
be for more of the flux to link with the 
measuring-circuit wire embedded in the 
shunt, and the shunt will approach the 
condition of Figure 1C. This arrange- 
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Various arrangements of measuring- 
circuit leads 


Figure 1. 


By properly locating the leads the measuring- 

circuit current can be made to be proportional 

to the shunt resistance voltage at every instant 
X—To measuring circuit 


ment itself is reasonably good and pro- 
duces an almost negligible error insofar as 
induced voltage is concerned, as is shown 
by the oscillograms in Figure 7. Under 
these conditions, the effective resistance 
of the shunt will not be constant. It is 
advisable, however, to locate the measur- 
ing-circuit wires as near as possible to the 
ideal position, since this will result in the 
most accurate shunt and also does not re- 


FACTOR 


PERMEANCE 


a 10 
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Figure 2. Permeance factors for shunts A 
and B 


See equations 1 and 6 
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quire that the measuring wires enter the 
hollow center of the shunt with the con- 
sequential difficulty of getting the wires 
out and keeping the water in. 


Thermal Considerations 


It is generally advisable to water-coo] 
shunts of the type described herein. 
Such shunts are usually used on low- 
voltage circuits, and the only precaution 
necessary is that rubber hose be used for 
the water connections to the shunt. The 
heat generated in the shunt is 60J?R/1,055 
Btu per minute where R is not the effec- 
tive resistance of the shunt between 
potential connections, but the entire ter- 
minal to terminal resistance. The heat 
removed will be 8.35 Btu per gallon per 
degree Fahrenheit water temperature 
rise. The dissipation to air and to the 
connected conductors can be neglected. 
If the shunt is to be used for the measure- 
ments of impulses, as for example for the 
measurement of spot-welding currents, 
it may not be necessary to water-cool it, 
unless it is part of a production set up. 
If ¢ is the duration of the impulse (sec- 
onds), the heat generated will be J?Ri/- 
1,055 Btu. If we assume that no heat is 
dissipated, the temperature rise will be 


I?Rt 
Ad= 
1,055we 
where 


w=weight of the shunt in pounds 

c=thermal capacity of shunt material in 
British thermal units per pound per 
degree Fahrenheit 


(8) 


If the shunt is to be air cooled and used 
continuously, the rate of heat dissipation 
to the surrounding air can be safely 
assumed to be approximately 0.005 watt 
per OC per square inch of exposed surface. 
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Figure 3. Oscillogram of measuring-circuit 
currents for different arrangements of potential 
leads 


Traces D and E are current-transformer second- 

ary currents. Trace C corresponds to shunt 

type C and leads the shunt current. Traces'‘A 

and B correspond to shunt type A and B and 
lag the shunt current 


Conclusions 


It is theoretically and practically possi- 
ble to construct shunts for the measure- 
ment of large varying currents, so that 
measuring-circuit current is proportional 
to the shunt current at each instant. 
The author has successfully used such 
shunts for measurement where rates of 
change of the order of 2x10® amperes per 
second were involved. 

The simplest form for these shunts is 
that of a hollow cylinder which may or 


L3b? 


6 SPDT 


497 PERMEANCE FACTOR 


Figure 4. Permeance factor for equation 7 as 
a function of the ratios a, b, and c, correspond- 
ing to shunt D 
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Figure 5. Geome- 
tries for which per- 9 
meance factor in 8 


equation 7 is zero 7 
For the geometries 6 
corresponding to 5 
these ratios the meas- ug 
uring-circuit current ° : 


is proportional to 
the shunt current at 2 
each instant | 


Figure 6. Geome- 
tries for which per- 
meance factor in 9 
equation 7 is zero 


For the geometries © g 

corresponding _ to 

these ratios the meas- 

uring-circuit current 

is proportional to 

the shunt current at 8 
each instant 


may not be water cooled depending upon 
the type of service to which it is to be put. 


Appendix 


Calculation of Measuring-Circuit 
Current for Shunts A and B 


The shunt is assumed to be part of a long 
straight conductor. The total voltage in- 
duced in the shunt per inch length is (see 
Figure 1B) 


ais di, di, di, 
er fond Be vw ——f wr ——f, at ——J, £8 
Y a Gf ake ete 

(9) 


where 


Ly'’=that part of the inductance of the shunt 
due to the linkage of flux within the 
radius 71, with the shunt current @; 

L,'’=that part of the inductance due to the 
linkage of flux between r=r, and 
r=s, with the shunt current 

L;'’=that part of the inductance due to the 
linkage of flux outside of r=s 

L,'’=that part of the inductance due to the 
linkage of flux produced by the cur- 
rent J; in the return conductor, with 
the current in the shunt 


The voltage L;’'(dis/dt) is induced in both 
the shunt and the measuring-circuit wire, 
and cancels when voltages are added around 
the measuring circuit. 

If d is large, the voltage L,4'’(dis/dt) also is 
induced in the shunt and measuring-circuit 
wire, and hence also cancels. 

L,'’=y''/108 where y”’ is the flux link- 
age per ampere-inch. 

The flux dd; in an increment, dr in thick- 
ness, at a radius r inside the radius 7; is 


1y— (10) 
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where 7; is the ratio of the current inside the 
radius r, to the total current 7s, the flux per 
ampere is 


a 5 71 d 
gs Sa i Fees (11). 
ts 2x r 
and the flux linkage per ampere is 
me 3. 3.19 d 
Rae ee ee (12) 
ts ae r 


If we assume that the current density is uni- 
form throughout the conductor cross sec- 
tion, 


re ro? 


* ~ nae 

then 

aoe 3. al 1-30? bs 
4(1—b)? 


In 


1 
a-men 


where 
b= Yo/Nr 


since 


therefore 
3.19[ 1-302 bt 
meres (1—52)2 


"= in aemrys 


(14) 


The same analysis will yield LZ». Since all 
of the current produces and is linked by the 
flux, %2=1, hence 


3.19 5d?) tO LO ae 
aes ees Esa e pe 
Yo al a (15) 
and 
” 3.19 
lay. 2n108! (16) 
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~ former secondary current. 


Figure 7. Oscillograms of the same current 


Traces A show currents in measuring circuit of 

shunt B. Traces B show currents in measuring 

circuit of shunt D. Trace C is current-trans- 

The capacitor dis- 

charge current reached a peak value of 40,000 
amperes in 0.002 second 


where 
c=s/r; 


The voltage induced in the measuring-cir- 
cuit wire per inch length is 


dis ps 


soy pale 
de dt dt 


(17) 


if the field of the measuring-circuit current is 
neglected. The sum of the voltage drops 
in the measuring circuit is 


—isRs— est eytimRm=0 
Mee Net Cy ery di di 
inning + ; teil Le | 


;Re__3.191_ di 
im= 1s ORR,108 df 
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Calculation of Measuring-Circuit 
Current for Shunt C 


+ In | (18) 
c 


In this case, all of the flux outside of n 
links with the shunt and with the measuring- 
circuit wire. The voltages thus induced by 
this flux cancel when voltages are added 
around the measuring circuit. If those 
terms which ultimately cancel are omitted 


dts 
ED pe ‘ 
- ts} (19) 
and 
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Cy=— - 19-2 

ig dt 

where Z; has the same meaning as for shunt 
A and 41, is the total flux surrounding the 
measuring-circuit wire, and inside of 7. 
Hence 


_pprdis 8190" di 
dt 27108 dt io 
1—302 b4 1 
ie ahaa | 
pnb, (dr 819, (tnt d 
vp i oe Qn * BER Paso t ers 
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(20) 


If the voltage drops are added around the 
measuring circuit, 
isRetimRm— estew=0 


ee Ry, 3.191 di 
me "SR, | Q4l08Rm dt 
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Calculation of Measuring-Circuit 
Current for Shunt D 


The correction factors for induced voltage 
in the final equations for 1, for shunts A, B, 
and C have been arranged so that the abso- 
lute value of the correction is positive. 
Since these correction factors appear in the 
two equations with opposite signs, it is 
reasonable to expect that for some inter- 
mediate geometry the correction factor will 
be zero. Hence, if the measuring-circuit 
wire is placed in a slot in the wall of the 
shunt, the depth of the slot can be deter- 
mined by finding the equation for the 
measuring-circuit current, and setting the 
correction factor equal to zero. As before, 
if we omit those terms which produce can- 


' celing voltages: 


e;/=— 


3.19 ere een i. aoe : 
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The voltage é» induced in the measuring- 
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by all of the current inside radius s plus that 


current between s andr: that is, by all 
_ the current inside radius r. 


This currentis 
tsi, where 1, = (72 —71?) (112 — 702) 
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If we let 70/7: =b and 7/s =a, 
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In order to find the correct position of the 
measuring-circuit wire, set 


Frecu Dg heel Game Cede 
4(1—52)' (1-63) 6. 2014) 

b 

mele 0 (24) 


Since this equation is not analytically solu- 
ble the permeance factor 


Pe ein) erate hee ic 
Frese nF 201-5) t 
b a 
ame] (25) 


has been plotted in Figure 4 against b for 
different values of a. As expected, there is 
a value of b for each value of @ which makes 
the expression and hence the induced volt- 
age equal to zero. The values of a or ¢ which 
will result in zero correction are plotted in 
Figures 5 and 6 against b. 

Hence, for ratios as determined from these 
two curves, 


R 
inte (26) 
which is the desired relationship for any 
shunt. This relationship is independent of 
frequency so long as the wall thickness is 
less than the skin depth. As the frequency 
is increased, this shunt will approach that 
shown in Figure 1C. Even this latter type 
has been used without appreciable error for 
measurements involving rates of change of 
currents of 1.8x108 amperes per second. 
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Basic Design Principles for A-C Flecuves 


Power Systems in Large Military Aircraft 


C. K. CHAPPUIS 


MEMBER AIEE 


HE ELECTRIC LOADS of early air- 

craft were small and the electric sys- 
tems resembled those commonly used in 
automobiles. As the design of aircraft 
progressed, however, additional demands 
upon the electric system exceeded the 
capacity of the 14-volt d-c system, and a 
28-volt d-c system was developed. Con- 
tinued increases in electrical demands 
were met by increased generator ratings 
and parallel operation of generators at 28 
volts direct current. As loads and air- 
eraft sizes increased, the 28-volt d-c sys- 
tem became increasingly heavy to the 
point where it was obvious that a more 
economical generating and distributing 
system would be required. 

Two methods of attaining increased 
electrical capacity were selected as hav- 
ing promise. The 115-volt d-c system 
was proposed and incorporated into a 
large cargo airplane. Owing to the 
limited development personnel available, 
there has not been sufficient work on 
this system to obtain complete informa- 
tion on its potentialities. However, it 
would appear that the anticipated diffi- 
culties of commutation and switching of 
higher direct voltages at high altitudes 
may not be so serious as anticipated and 
that switching may actually be somewhat 
improved. The second method was 
based on the fact that a similar distribu- 
tion problem had been solved many 
years ago by the utilities with the 115/ 
200-volt three-phase system and it 
seemed reasonable to consider a similar 
system for several large aircraft.},? 

The commercial frequency of 60 cycles 
proved undesirable, because it limited 
three-phase motor speeds to 3,600 rpm 
and required excessive weight in the 
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rotating equipment. Motor speeds up to 
10,000 rpm already had proved desirable 
and analyses indicated the optimum fre- 
quency for motor designs to be at least 
250 cycles. Similar analyses of electronic 
equipment indicated an optimum fre- 
quency of approximately 800 cycles. 
The selection of 400 cycles for aircraft is a 
compromise between these considerations, 
giving a choice of 6,000, 8,000, 12,000, 
and 24,000 rpm for motor speeds and fall- 
ing between the optimum values for motor 
design and electronic-equipment design. 

The use of single-phase and three-phase 
variable-frequency alternating current 
has been proposed for power supply to 
certain electronic equipment, and some 
installations have been made. Fre- 
quency varying over the range involved 
in main-engine-driven alternators cannot 
be considered satisfactory for motor 
operation, however, unless accompanied 
by a compensating change in voltage 
which cannot be tolerated by the con- 
stant-voltage electronic equipment. 
Likewise, it does not satisfy the require- 
ment of certain navigation and servo 
devices for fixed frequency. The princi- 
ple reason for considering variable-fre- 
quency alternating current has been the 
difficulties in developing satisfactory con- 
stant-speed drives at minimum weight. 

Certain radio, navigation, radar, radar 
countermeasure, and similar equipment 
already in service operates on 115-volt 
single-phase 400-cycle power supply. 
This power is supplied on present d-c air- 
craft by use of inverters, which are heavy 
and extremely inefficient with over-all 
weight of 50 to 60 pounds per kilovolt- 
ampere of 400-cycle output. The pro- 
posed 115/200-volt system permits this 
type of load to be supplied single phase, 
from the three-phase system, without 
conversion, or such equipment can be 
redesigned to operate three phase, within 
certain limitations, at lesser weights or 
increased performance. 

A review of the electric systems in use 


or proposed for military aircraft includes 


the following: 


1. 14-volt direct current. 
2. 28-volt direct current. 


3. 115-volt direct current. 


Te! ee an 


15a 115/200-vott. three-phase: 


aircraft, although some portions may be 


quency | alternating current. 
6. 115-volt single-phase variable- 
alternating current. 


7. 115-volt Pe ee: ee 
ing current. — 


Certain of these systems are not tomoite ¢ y 
in themselves but must be used in com- 
bination with others. This paper applies — 
specifically to the design of 115/200-volt _ 
three-phase 400-cycle systems for large _ 


‘ 


applicable to several of the other systems. — 


Basic A-C System 
Design Requirements 


The electric system must provide the 
utmost possible reliability in order that. 
the aircraft may retain maximum effec- 
tiveness on its missions as well as the 
ability to return to its base in spite of | 
damage. The reliability for the condi- 
tions of aircraft operation must compare __ 
favorably with the reliability of public 
power systems, with the exception that 
the expected life for aircraft equipment is 
500 to 1,000 hours, instead of 15 to 25 
years as in utility requirements. All of 
this must be accomplished with a mini- 
mum of weight.. The generating and dis- 
tribution system must retain its ability 
to supply satisfactory power to the using 
equipment as long as that equipment is 
capable of operation. From this it is 
apparent that such equipment as motors 
must remain on the line until the motor 
has reached a temperature beyond which 
immediate and permanent damage will 
occur. In order to supply power to all 
equipment until this point is reached, it is 
necessary to insure that the distribution 
and circuit protection system shall not 
fail earlier. This requires temperature- 
actuated protective devices built into the 
using equipment and system protection 
co-ordinated to avoid cutting off power to 
any load still in operating condition. 

It is considered necessary to have at 
least one alternator and preferably two, 
as stand-by power. This is due not only 
to possible failure of an alternator but 
also to expected incidence of engine fail- 
ures on long flights. The most effective 
use of the system requires parallel opera- 
tion for best voltage and frequency regu- 
lation, which also makes available the 
maximum stand-by power with the least 
attention from the flight personnel. 
Since the equipment developed for three- 
phase 400-cycle aircraft electric systems 
is untried and had to be designed, built, 
and tested in a comparatively short period 
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- of time, it is felt that parallel operation 


_ cannot be guaranteed. Certainly during 


combat conditions it is impossible to in- 


_ sure that battle damage will not prevent 


y 


‘ 


parallel operation of alternators. There- 
fore, the system must be so designed that 
isolated operation is feasible even though 


_ not the desired operating condition. The 


_ main-power panel is somewhat compli- 


. 


cated by this requirement, as circuit 
breakers are necessary to sectionalize the 
ring bus and load-transfer switches may 
be required to balance the loads for satis- 


_ factory isolated operation. 


Good voltage control is essential, as 


_ many of the load devices require sub- 
stantially normal voltage for satisfactory 


_ operation and life. 


Voltage control is 
‘accomplished at present by use of a con- 

ventional aircraft carbon-pile regulator 
actuated by rectified a-c system voltage 


and controlling the exciter field. The 


U 


' alternator is rated 120/208 volts and with 


the regulator is capable of regulation 
within +2 per cent atits terminals. The 


excitation of the alternator will go from 


no load to ceiling current in approximately 
0.1 second including regulator time. The 
system is normally considered as a 115/ 


* 200-volt system inasmuch as this is 


approximately the normal full-load volt- 
age at the main-power panel; the motors 
are designed for this voltage +10 per 
cent. Design calculations indicate that 
with 75 per cent of the transmission 
capacity available and with the largest 
motor in locked-rotor condition, the volt- 
age will not drop below 115/200 volts on 
the main-power panel and 90 per cent of 
this value at the most distant load bus. 
Thus it is apparent that the system 
regulation is satisfactory for motor opera- 


cludes radio and radar, is in a different 
classification as to voltage regulation re- 
quirements. Most radio equipment with- 
in the medium-, high-, and very high-fre- 
quency bands will operate satisfactorily 
with +5 per cent voltage regulation. 
However, present radar equipment re- 
quires +2 per cent regulation for satis- 
factory operation, and this problem is 
now being thoroughly investigated so 
that the characteristics of radar require- 
ments and power supply can be recon- 
ciled. 

It was necessary to develop new 


) 


meters! inasmuch as no aircraft systems 


of this type were in use and consequently 
no suitable meters were available which 
were sufficiently light in weight and 
sufficiently reliable for the conditions of 
temperature and altitude encountered in 
aircraft operation. Wattmeters pre- 
sented a design problem, but this has 
been solved satisfactorily, and the same 
meter is used to measure vars by means 
of a _ selector switch. Hermetically 
sealed meters would be a great im-. 
provement. 

The distribution system serving this 
equipment likewise required extensive de- 
sign effort in order that it might meet the 
difficult requirements of reliability, light 
weight, and voltage regulation. Com- 
mercial 120/208-volt systems are largely 
of the network type, with numerous feed- 
ing transformers located adjacent to the 
more concentrated loads to convert from 
the high-voltage primary system to 
utilization voltage. This type of system 
definitely requires parallel operation of 
power sources with strong ties to control 
the sharing of the load. It was obvious 
that such a system could not be used un- 


tion. Electronic equipment, which in- til successful parallel operation of alter- 
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nators had been accomplished ; attention a 
was directed to developing an alternative 
type of system which would retain as 


many of the advantages as possible and 


still permit sectionalized operation from 
power sources out of parallel. 

Operation of the system must require a 
minimum of attention by the flight 
crew. Many functions may be made — 
automatic or partially so, and these por- 
tions of the system which are installed in 
multiple can be arranged to protect them- 
selves. Every effort must be exercised to - 
provide a system which will require the 
least possible specialized training for 
crew personnel. 

Maintenance requirements must be 
simple enough to be handled with a 
minimum of special equipment and with- 
out excessive specialized training of per- 
sonnel, Replacements must be conveni- 
ent and require the smallest possible 
number of new stock items. 


Power Source 
/ 


Two common means are available for 
generating the a-c power, namely: 


1. Auxiliary power plant. 
2. . Main-engine-driven alternators. 


The first method involves electrical prob- 
lems generally similar to central-station 
practice in that the electric system, deter- 


_mines the size and speed of the prime 


mover and has sufficient capacity to assist 
in maintaining synchronism among sev- 
eral such auxiliary power units operating 
in parallel. The second method, while 
complicated by the fact that the size and 
speed of the prime movers are regulated 
by aircraft propulsion requirements, had 
definite advantages in savings of weight 
and useful space, over-all fuel economy, 
and availability of full-power output at 
all altitudes from the supercharged main 
engines. The main engines have been 
selected as the preferable power source, re- 
quiring that a power take-off be provided 
which converts engine speeds of 700 to 
3,000 rpm to a constant speed for the 
alternator shaft drive. Since 400-cycle 
alternating current will be required to 
start the main engines,. however, an 
auxiliary power unit must be provided 
either as a ground power source or as a 
supplement to the aircraft electric sys- 
tem. 

The alternators® are designed for high 
speed and forced-air cooling to secure 
maximum output with minimum weight. 
Exciters are built into the alternator 
frames and directly connected to the 
alternator field, thereby assuring excita- 
tion to.the alternator, regardless of dis- 
turbances on the a-c system. Adequate 
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capacity is provided for short overloads 


up to 200 per cent of rated output for five _ 


seconds without appreciable drop in ter- 
minal voltage, to facilitate the starting of 
large motors and the clearing of system 

faults. 
an alternator are as follows: 


Rating: 40 kva at 75-per-cent power fac- 


tor, 120/208 volts, three phase 
Speed: 6,000 rpm 
Weight with exciter: 
pounds 


Approximately 80 


Substransient reactance X sf ’=0.186 per unit 
Transient reactance Xq’=0.191 per unit 


Synchronous reactance Xg=1.350 per unit © 


Negative-sequence reactance X2=0.136 per 
unit 

Zero-sequence reactance Xo =0.087 per unit 
Armature resistance (25 C) rg=0.0215 per 
unit 

Field resistance (25 C) r7=0.328 ohm 
Short-circuit time constant T4’=0.01 second 
Substransient time constant T4’’=0.0022 
second 

- D-c-component time constant TJ, 
second 


=0.002 


No-load rated voltage excitation=17.6 


amperes 

No-load air-gap excitation =15.6 amperes 
Rated load, rated voltage excitation =41.0 
amperes ; 
150-per-cent load, rated voltage excitation = 
55.0 amperes 

200-per-cent load, 208 volts excitation = 68.0 
amperes 


Ri =R2=Ry=Rg 


Voltage is regulated by means of a 
solenoid-actuated carbon pile in the shunt 
field circuit of the exciter. The solenoid 


is connected to the 120/208-volt alter- | 


nator terminals through transformers and 
rectifiers to measure the average of the 
three-phase voltages. The regulator cir- 
cuit includes temperature compensation, 
back feed from the exciter terminals to 
provide antihunting features, and a con- 
nection to bias the solenoid current with 
reactive current. 

Frequency is controlled by means of a 
governor in the constant-speed-drive sys- 
tem. This governor is actuated by alter- 
nator drive-shaft speed, biased by the 
_ electric-power output of the alternator to 

give a slight droop in speed at full load.4 
This characteristic permits a heavily 
loaded alternator momentarily to drop 
frequency slightly, thereby assuming an 
electrical angle somewhat behind other 
alternators carrying less load. 

Parallel operation of alternators? re- 
quires identical shaft speeds with proper 
sharing of power output and reactive cur- 
rent. The governor itself holds reason- 
ably uniform shaft speed, and the kilo- 
watt sensing function of the governor 
control circuit tends to correct small 
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differences in speed by introducing a 
slight droop in speed as load is applied to 
the alternator. Kilowatt division and 
shaft speed thus are controlled by the 
governor and constant-speed drive. Re- 
active-current division between alter- 
nators operating in parallel is controlled 
by the excitation; an overexcited alter- 
nator tends to supply excessive reactive 
current with but slight increase in system 


. voltage, whereas an underexcited alterna- 


tor shirks reactive current. Differentially 
connected current transformers on the al- 
ternator leads isolate the differences in 
distribution of reactive current, which are 
used to bias the voltage regulators and 
thereby to shift the excitation as required 
to correct the distribution of reactive 
current. 

Protection in the power source is de- 
signed to isolate the power source and cut 
off its excitation for any of three abnormal 
conditions, namely: 


1. Excitation at ceiling current for more 
than five seconds. 


2. Frequency below 360 cycles. 


8.. Faults in the alternator armature wind- 
ing or connections. 


The first protects the exciter and alter- 
nator field against overheating but 
serves indirectly as protection for the 
power source against sustained heavy 
overload or failure to clear a fault on the 
system. The second protects magnetic 
devices on the system against excessive 
magnetizing currents permitted by low 
frequency at normal voltage. The third 
removes a damaged alternator from the 
system before the distribution system is 
impaired by fuse operations. This pro- 
tection is accomplished by means of a 
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Figure 2. Voltage regulation chart—120/ 
208 volts, 400 cycles, three phase, wires tied ‘ 
in close configuration 


ceiling-field relay actuated by the exciter _ 
field current, a frequency relay actuated 
by the alternator terminal voltage, and a 
differential relay actuated by unbalanced 
current in the alternator phase leads. All 
three relays energize the trip coil of the 
alternator circuit breaker which has an 
auxiliary contact to open the exciter field 
circuit. Tripping power is supplied from 
either rectified a-c terminal voltage or 
exciter armature voltage, one or the other 
of which can be expected to provide 
sufficient voltage under all normal and 
abnormal conditions. 


Power-Distribution System 


Although d-c power systems have been 
used on aircraft for many years, few if 
any data from these systems have value in 
a-c system design. D-c networks pro- 
posed for certain very heavy bombers 
have been analyzed on calculating boards, 
but the difference in characteristics due to 
the d-c generators and storage batteries 
makes these data inapplicable. A con- 
ference of engineers, called to discuss de- 
sign requirements of the 115/200-volt 
three-phase 400-cycle a-c system, agreed 
upon the following design objectives: 


1. Provide multiple power paths to all im- 
portant loads as a means of protection 
against faulted conductors. 


2. Design a system which will clear at least 
one fault in any section of a feeder without 
interruption of power to any load, unless the 
fault is on a load bus. The fuses adjacent 
to the fault shall clear the faulted section in 
such time that no other fuses shall lose their 
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Figure 3. Voltage regulation chart—120/ 


208 volts, 400 cycles, three phase, wires at 
0.5 inch flat spacing 


original ability to carry current or fail to co- 
ordinate in accordance with their design 
characteristics. 


' 8. Be able to clear a second feeder fault in 


any designated load area without loss of 
power to the load. Damage to adjacent 
fuses in this case is undesirable but may be 
tolerated; co-ordination is essential. 


4, Faults on load busses should be recog- 
nized as a secondary possibility, owing to 
the small area of conductor involved. Load 
lost should be limited to the load on the 
faulted bus. 


5. The system should be designed to pro- 
vide rapid clearing (maximum 0.1 second) 
to prevent motor stalling during faults with 
two or more alternators in parallel. Such 
clearing time is desirable, of course, with 
isolated operation but may be unattainable. 


6. Any circuit must carry locked-rotor cur- 
rent for at least 30 seconds without damage 
to fuses, after the first fault has been cleared 
in any feeder. An exception may be neces- 
sary for motor-generator sets and hydro- 
pump motors. . 


7. Motors shall be able to start after a 
second fault in any feeder has been cleared. 


8. Faults on the alternator terminals or 
the main bus should be recognized as a 
secondary possibility, and some means 
found to limit the portion of the circuit 
affected. Design of busses should provide 
mechanical features to minimize damage by 
gunfire. 

9. The total number of fuses and range of 


sizes of fuses should be held as low as possi- 
ble, consistent with good design. 


10. The current distribution in each sec- 
tion, for load or fault conditions, must be 
balanced. 


11. The system should be designed to oper- 
ate in parallel or isolated. However, if the 
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system operates isolated, the requirements 
of fast clearing must be somewhat relaxed. 


The argument as to whether single or 
multiple circuits should be used depends 
for an answer upon the following: de- 
gree of reliability required, decrease in 
weight due to better cooling of smaller 
conductors, type of protection to be used 
and its weight, and characteristics of 
load. In general, it is found that more 
current can be carried in four wires than 
in one wire of similar weight without ex- 
ceeding the maximum allowable operating 
temperature. Since maximum reliability 
is one of the prime requirements, it is 
necessary to provide alternate paths, so 
that remaining parallel circuits will oper- 
ate at full efficiency after damage which 
isolates any one.. In public power sys- 
tems such reliability is obtained by a 
combination of loops, networks, compli- 
cated switching and protective devices, 
and continuous maintenance. The use 
of alternate paths for aircraft is feasible, 
provided a reliable lightweight method of 
insuring the continued operation of these 
circuits is available. It is obvious that 
complicated switching and protective 
systems, requiring balanced current, pilot 
wire, directional current, and similar 
methods of relaying which are very satis- 
factory for transmission lines, are in gen- 
eral too heavy and too complicated for 
aircraft. Such equipment probably 
would increase the vulnerability of the 
aircraft electric system. The use of prop- 
erly balanced multiple circuits allows 
one of two methods to be used to clear 
faults. The first method is to take ad- 
vantage of the small wires, allowing them 
to burn off and thus clear the fault. 
Much argument has been encountered on 
this method, but it appears to be rather 


‘ 
\ 


uncertain, particularly where clearing 
time and co-ordination are important. 
The alternative is to use an accurate light- 
weight overcurrent device on each circuit 
at each bus to remove that portion of thé 
circuit which is faulted. The most logical 


device of this type appears to be a small — 
accurate high-speed fuse using a high- 


temperature fusing element.® 
Radial, network, and loop circuits were 
examined for their applicability to large 


aircraft. It was found that none of these 


provided the most reliable, lowest weight, 
and best operating system. The final 
type of design, as shown in Figure 1, is a 
multiple-circuit radial system with alter- 
nators feeding to the main-power panel 
and also feeding loads located in the 
vicinity of the alternator. 
alternator leads to the main-power panel 
also serve as load feeders, and the alter- 
nator busses also serve as load busses. 
The output of the alternators is utilized 
in such a way that isolated operation is 
satisfactory whenever such operation is 
necessary. It is essential that all multi- 
ple paths between busses be equal in 
length, as otherwise the currents become 
unbalanced and make fuse co-ordination 
extremely difficult. One of the unbal- 
anced loop conditions which was ex- 
amined had an unbalanced current, under 
some fault conditions, of approximately 
200 per cent which was reflected in the 
fuse co-ordination as an effect of 400 per 
cent in clearing time, owing to the /?R 
effect on the fuse link. The use of com- 
bination load circuits and feeders made 
it mandatory to keep each alternator bus 
in service even though the alternator 
failed. The solution of this problem de- 
pends upon differential protection and 
high-speed breakers to remove a faulted 
alternator from the bus. 

Three wire configurations were con- 
sidered: three wires laced together, flat 
with one-half-inch spacing between cen- 
ters, and flat with two-inch spacing be- 
tween centers. The impedance of these 
three types was discussed by the authors 
in ‘‘Impedance of 400-Cycle Three-Phase 
Power Circuits on Large Aircraft and Its 
Application to Fault Current Calcula- 
tions.’’? In general the impedance de- 
creases with the decrease in separation. 
The ease of installation probably is in- 
creased when three wires can be placed 
together, but the vulnerability to gunfire 
and the difficulty of clearing trouble are 
greater. Where the wiring is easily ac- 
cessible, the flat arrangement is the most 
satisfactory with use of one-half-inch 
spacing to keep the reactance low. The 
final decision as to wire configuration 
must depend upon the space available for 
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the installation. Voltage regulation 
charts are shown in Figures 2, 3, and 4. 

Conductor sizes are determined by the 
allowable current-carrying capacities un- 
der specification AN-J-C-48 for a maxi- 
mttm ambient temperature of 160 degrees 
Fahrenheit. Under temperature and 

_ pressures encountered at higher altitudes, 
it is anticipated that wire temperatures 
will not exceed 100 degrees centigrade 
when operating at full load on the circuit 
and with one of the multiple paths out of 
service. The maximum wire size used on 
multiple circuits will usually be number 
12 or smaller in present systems. The 
smallest sizes used will not be less than 
number 18 or number 20, owing to the 
mechanical weakness of smaller size. 

_ Protection of this electric system de- 
pends upon the following: fuses, break- 
ers, armor, and material protection. The 
ideal fuse characteristic for these circuits 
appears to be as shown by Figure 5. 
This is a high-speed fuse using a high- 
temperature link such as silver or copper 
to minimize the effect of differences in 
temperature. Owing to close co-ordina- 
tion requirements the fuse must be ex- 
tremely accurate, and it must also be 
explosion-proof with very short arcing 
time. The differential relays and cir- 
cuit breakers used to remove any faulted 
alternator from the system must be 
extremely fast, clearing the maximum 
alternator bus fault in 0.02 second or less, 
to leave the fuses at the alternator bus in- 
tact for operation of the load circuits. In 
addition to this the breaker must be able 
to interrupt fault currents up to 4,000 rms 
amperes and perform all normal switching 
operations, up to 120 amperes, incident 
to operation of the aircraft. All of these 
operations must be performed under 
temperatures and altitudes required by 
Army Air Force specifications. Inas- 
much as the requirements over wide 
ranges of altitude and temperature are so 
exacting, it is possible that development 
of sealed breakers may prove necessary. 

Protection of the fuses, breakers, and 
busses can be accomplished only by 
mechanical means. The inherent pro- 
tection of engines and heavy structural 
parts of the airplane can be used for part 
of the protection, and armor strips placed 
to protect vulnerable angles. The busses 
are so located that much natural protec- 
tion is available and can be so designed 
structurally to minimize the possibility of 
battle damage by use of hollow sections of 
high-strength material for bus conduc- 
tors. 

The co-ordination of fuses and breakers 
is determined by the maximum fault cur- 
rents, and the maximum clearing time is 
determined by the minimum fault cur- 
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rent. Much research and many 


tions were required to secure information — 
on zero-sequence impedance for use in na 
calculating line-to-ground fault currents.” 

The maximum fault currents occur from _ 


line to ground with the four alternators in 


parallel, and the minimum fault currents. 


occur with three-phase faults and isolated 
operation. The requirement of parallel 
normal operation but emergency isolated 
operation greatly complicates the protec- 
tion problem by causing a tremendous 
spread between maximum and minimum 
fault currents. The circuit arrangement 
and fault currents on one of these systems 
are shown in Figure 1. 
fault-current conditions the maximum 
clearing time must be sufficiently small so 
that the rotating equipment will not stop 
or slow down to a point which will cause 
excessive reaccelerating current. The 
wide range of fault currents, with rigid re- 
quirements for co-ordination and fault 
clearing, made it necessary to design a 
new fuse for system protection.® 

The alternator circuit breakers are re- 
quired to co-ordinate with fuses only for 
failure of the alternator winding or leads; 
under this condition, however, co-ordina- 


tion requires extremely fast differential- 


relay and breaker operation in order that 
the alternator bus fuses may remain un- 
damaged to carry the electric load con- 
nected to that bus.? The same breaker, 
arranged for remote or manual operation, 
is suitable for the tie breakers on the main 
power bus. 

The main power-panel bus is arranged 
as a ring bus of four sections tied with the 
same type of breaker as used for the 
By proper distribution of 
the load on the bus sections, it is possible 


Under minimum _ 


of the combat load. The load bt 
so designed that the protective 
can remove them from the system 


without loss of the entire system. 


phase 400-cycle a-c system for large air- 


craft permitted the use of three-phase in- _ 
Brushes and com- © 


duction motors.!°—12 
mutator problems thus were eliminated, 


and the motors became substantially con- 


stant-speed devices capable of reliable 


operation through a wide range of condi- 


tions. Momentary high torque loads 
can be handled by methods already estab- 
lished in commercial design practice. 
Such motors are contemplated in sizes 
ranging from one-eighth to 16 horsepower 
and speeds of 6,000 to 12,000 rpm. The 
few drives requiring variable speed are 
equipped with d-c motors supplied 
through motor generator sets or trans- 
former-rectifiers. All motors are star- 
connected to permit emergency operation 
with reduced torque output after power 
supply to any one phase has failed, and 
the protective equipment must permit 
such operation. 


Figure 4. Woltage regulation chart—120/ 
208 volts, 400 cycles, three phase, wires at 
2.0 inches equivalent delta spacing 
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of bus faults, without disturbance to the 
system. Loss of the main bus must be © 
considered vital but sections can be lost 
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“Selection of the 115/200-volt three- 
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_ Provision for D-C Loads 


While the major portion of the electric 
devices is suited to operation by a-c 
motors or transformers, a number of 
smaller devices, such as contactors and 
relays, solenoids, and certain instru- 
ments, still require d-c power. The con- 
nected load of these d-c devices is approx- 
imately 20 per cent of the total connected 
electric load of the aircraft, but many of 
the devices operate extremely infre- 
quently with such diversity that their 
combined load probably is less than ten 


" per cent of the total diversified load of the 


a-c power system. The need for this 
small amount of direct current adds 
complication to the a-c system, and there 
has been continuous effort to replace 
d-c devices with alternating current, 
with the ultimate objective of complete 
elimination of direct current from the 
aircraft. Under these conditions, it is 
expedient to install conversion equip- 
ment at the d-c load center and supply 
this load from the a-c system. 

Both motor generator sets and trans- 
former-rectifier sets have been built to 
convert the 115/200-volt three-phase 
alternating current to 28-volt direct cur- 
rent. The transformer-rectifier is quiet 
in operation, lighter, and somewhat more 
efficient than the motor generator. It 
has the further advantage, particularly 
in small ratings, of supplying acceptable 
voltage to relatively steady loads without 
the use of a voltage regulator, and thereby 
becomes attractive as a means of supply- 
ing the d-c load at several isolated small 
load centers rather than the center of the 
combined load. 

Storage batteries appear to have little 
value on an electric system of this type 
and size. It is not practical to provide 
sufficient battery and conversion equip- 
ment to serve as reserve capacity for the 
a-c system supplying the major loads, 
and there is little advantage in backing up 
only the d-c system serving secondary 
loads. 

Very few of the d-c loads draw enough 
power to require multiple circuits for 
carrying capacity or voltage regulation. 
The method is still applicable, however, 
to those circuits where vulnerability to 
damage because of length or exposure 
indicates the need for more than a single 
circuit to serve any particular device. 


Future Trends 


There is a continuous trend to larger 
electrical requirements on aircraft, and 
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Figure 5. Time-current curve for 400-cycle 
120/208-volt aircraft fuses 


Solid lines—Average melting 
Dashed lines—Average clearing 


the trend is most pronounced in combat 
aircraft. Hydraulic lines are particularly 
susceptible to battle damage, inasmuch as 


damage to almost any part of the system ~ 


may cause loss of pressure on the entire 
hydraulic system. Electric power for 
cabin supercharging would reduce air- 
duct requirements and weight and sim- 
plify installation of equipment. The use 
of electricity for propeller deicing and 
electric blowers to distribute heated air 
through small ducts at high velocities for 
wing and cabin deicing would reduce 
weight and simplify installations as well 
as provide positive air flow as required. 
Aircraft armament is increasing in size of 
gunsandnumberofturrets; as flying speeds 
are increased, the demand for higher tur- 
ret speeds and accurate split-second re- 
mote fire control is becoming more in- 
sistent; all of these add to the power re- 
quirements. With greater flying ranges 
and more complex tactical operations, the 
demand for additional communication 
equipment also is becoming greater. 
Radar and allied equipment are essential 
if aircraft operations are to be consist- 
ently effective in all weather conditions. 
Ten to 15 kva of electric power are re- 
quired for radar and countermeasures 
equipment for special installations and are 
anticipated for future aircraft. Static 
dischargers requiring electric power are 
under development. The use of tele- 
vision to transmit information to the pilot 
is a distinct possibility. The all-electric 


airplane using electric motors to drive the 
propellers is within the realm of possi- 
bility. All of the ‘“‘Buck Rogers” items 
for aircraft, control of aircraft, or against 
which aircraft must be detcuded require 
electric power. 

Any attempt to restrict the amount of 
electric power available to combat air- 
craft for these uses places the designers at 
a severe disadvantage. This is particu- 
larly true of electronic equipment, much 
of which is comparatively new. The de- 
mand for radar and countermeasure 
equipment is often so insistent and im- 
mediate that engineers do not have time 
to design it for best performance with 
small amounts of power. Several air- 
craft now under design have 120 kw of 
generating capacity. This capacity may 
be compared with public power systems, 
where 120 kw normally would be ade- 
quate for 100 to 125 miles of rural distri- 
bution line. 
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of the oil temperature rise of water-cooled 

_ power transformers. It is shown that by 
factoring the effect of viscosity oil tempera- 

_ tures can be calculated more accurately for 
mr a variety of conditions. Equations and 
_ curves are given with supporting test data 
for determining the temperature rise for 
different loads, ingoing water temperatures, 

and rates of water flow. The variations in 
temperature rise with load, water rate, and 


water temperature are appreciably different — 


from published data on the subject. A dis- 
cussion of winding hot-spot temperature is 
included, although no new test data are 
given. 


ATER-COOLED transformers 
i have cooling coils located in the 

upper portion of the tank usually adjacent 
to the tank wall. Water flow through 
these coils carries away the heat generated 
in the core and windings. The top-oil 
temperature depends on the amount of 
cooling coil, the transformer losses, the 
water rate, and the ingoing water tem- 
perature. 

As the flow of oil through the windings 
of a water-cooled transformer is very 
similar to that in a self-cooled trans- 
former having external cooling radiators, 
the same general equations for winding 
rise over oil can be used. 

The purpose of this paper is to show 
how the transformer-top-oil temperature 
varies when the load, water rate, and in- 
going water temperature are changed and 
to give curves for estimating the effect on 
the winding hot-spot temperature. 


General Conclusions 


1. Oil temperature rise over ingoing water 
is not a simple function of the loss dissi- 
pated. However, oil rise varies approx- 
imately as (loss)®-® (see Figures 4 and 5). 


2. When the water rate is changed, the oil 
temperature rise varies 40 per cént as much 
as the change in water temperature rise (see 
Figure 5). 
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Power owe 


the oil temperature rise over ingoing water 


increases 0.75 per cent for each degree the 


ingoing water temperature is below 25 de- 
grees centigrade (see Figure 4). 


4. Ina typical transformer the load can be 


increased 0.8 per cent for each degree the 
ingoing water temperature is below 25 de- 
grees centigrade (see Figure 8). 


In these general conclusions it is as- 
sumed that the radiation and convection 
losses from the tank surface are negligible. 
In a specific case the tank loss can be 
properly evaluated. 


Components of Oil us hat: 
Rise | 


The heat generated in the windings and 
core of a water-cooled transformer is dis- 
sipated to the oil by free convection. 
The heated oil becomes less dense and 
flows upward to the top of the tank. The 
cooling coils in the upper portion of the 
tank receive heat from the oil by free 
convection. As the oil is cooled, it be- 
comes more dense and flows downward 
and into the windings again. (A small 
percentage, usually 10 per cent to 20 per 
cent of the heat is dissipated from the 
tank surface.) The water flowing 
through the cooling coils removes the heat 


by forced convection and, in the process, ° 
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Figure 1. Viscosity of oil in test transformer 
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Bach of these components i is 5 known 0 
can be determined by test. ia 

The top-oil increment is the difizress 2 
in temperature between the top oil and 
the average oil surrounding the cooling 
coils (which is also approximately the 
average oil temperature in the mais: 1 
Experience has shown that in most water- ? 
cooled power transformers the top-oil in- 
crement is approximately two degrees " nt 
centigrade over a wide range of condi- — 
tions. 

The oil-film drop, which is the local 
temperature difference between the cool- 
ing-tube wall and the adjacent oil, can be 
expressed with good accuracy by an equa- 
tion of the following form: 


4 


ee 


Oil-film drop, degrees centigrade = KW int 


where 


W;=watts per square inch outside surface 
of cooling coil. 

uy = Viscosity of oil, in centipoise, at average 
temperature of oil film. (Average 
film temperature is tube temperature 
plus one half of oil-film drop) 
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CALCULATED OIL FILM DROP —C 
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Figure 2. Comparison between calculated 
and tested oil-film drop 
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K=a constant 
_ xX, y=exponents to be dereennitied 


_ The water-film drop is the local tem- 
perature difference between the cooling- 


; tube wall and the adjacent water flowing 


through the cooling coil and can be ex- 
pressed with sufficient accuracy by the 


following equation: 


Water-film drop, degrees centigrade = 
: KW 
Vo.8 


where 


W,=watts per square inch inside surface of — 


cooling coil / 
V =water velocity in feet per second 
Ki =a constant 


The water-film drop is comparatively 
small and can be expressed simply by 
(0.37W,!°) in a normal power trans- 
former. 

The water temperature change enters 
into the equation for oil rise as water 
temperature rise/2. Though this is not 
theoretically exact, it is sufficiently 
accurate when the water rise is appreci- 
ably less than the oil rise. The error be- 


_ comes appreciable at small loads and very 


low water rates. 
Thus equation 1 can be written: 


Top oil temperature degrees centigrade =in- 
going water temperature degrees 
centigrade+1/2_ water temperature 
rise, degrees centigrade +0.37 W,!°+ 


KW pt? degrees centigrade (2) 

The only unknowns in equation 2 are K, 

x,andy. These are determined from the 
tests given below. 


Test Data . 


Table I contains heat-run results on a 
6,000-kva water-cooled transformer with 
13/s-inch-outside-diameter copper-cooling 
coils. The tabulated net watts loss dissi- 
pated by the cooling coils is the total loss 
held minus the estimated tank dissipa- 


TESTED TOP OIL RISE —C 
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Figure 3. Comparison between calculated 
and tested top-oil rise over ingoing water 
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rong \ 


tion. This loss was varied from 21,740 


~ watts to 75,600 watts, the water rate from 


four gallons per minute to 35.3 gallons per 
minute and the ingoing water tempera- 
ture from 6.6 degrees centigrade to 40.5 
degrees centigrade. 

All tests were run until the top-oil rise 
over ingoing water was constant. 

Commercial test facilities were used 
throughout for these heat runs with no 
special precautions taken to obtain 
laboratory accuracy. . 

Table I shows the calculated as well as 
the tested water temperature rises. The 


agreement is fair, usually within two de- 
In analyzing the data 


grees centigrade. 


TOP DL RISE —C 


| 2 3 Aa EEG 
RELATIVE WATTS DISSIPATED BY 
COOLING COIL 
Figure 4. Effect of changing ingoing water 
temperature, holding ten degrees water rise 


A—Ingoing water temperature, degrees 
centigrade 

B—Design curve used since 1938 for 925- 

degree-centigrade ingoing water and ten- 


degree-centigrade water rise 


averages of the calculated and tested 
values were used. 


Analysis of Test Data 


By substituting these heat-run results 
into equation 2, a value of oil-film drop 
(tube to oil) is found for each test. By 


o 
Oo 


Figure 6. Effect of 
changing __ ingoing 


TOP OIL, RISE —=<C 


RELATIVE WATTS DISSIPATED BY 
COOLING COIL 


Figure 5. Effect of changing water tempera- 


ture rise, holding 25 degrees ingoing water 


A—Design curve used since 1938 for 95- 
degree-centigrade ingoing water and ten- 
degree-centigrade water rise 

B—Water rise, degrees centigrade 


analyzing these tests the unknowns K Sar 


‘and y in the oil-film-drop equation are 


determined. The oil in this transformer 
has a viscosity-temperature relationship 
as shown in Figure 1. Its thermal prop- 
erties are essentially the same as other 
transformer oils used throughout the 
industry. 


Oil film drop, degrees centigrade 


=7.4W,0-8 9-28 (3) 


To show that these ame ace are 
accurate, the test values are compared 
with those calculated from equation 3 in 
Figure 2. Equation 3 is in good agree- 
ment with published data! on free convec- 
tion in the range used in this paper. 

With this factor determined the final 
equation for oil temperature becomes: 


Top-oil temperature, degrees centigrade = 
ingoing water temperature degrees 
centigrade+'1/. water temperature 
rise, degrees centigrade+-0.37 W,}-9+- 
7.4W,o-8u)8+2 degrees centigrade 

(4) 


The heat-run results in Table I are 


Oo 
(2) 


water temperature 
and water tempera- 
ture rise on top-oil 


Sb 
fe) 


temperature 


Ww 
2) 


A—Water rise, de- 
grees centigrade 


MN 
(e} 


B—Top-oil tempera- 
ture, degrees centi- 
grade 


S) 


Water rise, degrees 
centigrade = watts + 
(264 X gallons per 40.) Yao. 20 

minute) 


“AVERAGE WATER TEMPERATURE — C 
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10 
INGOING WATER 
TEMPERATURE —C 


RELATIVE WATTS DISSIPATED BY 
COOLING COIL 
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‘ 7 : 
‘Table I. ‘Heat Runs on 6,000-K\ 
a ; ng ing acd - 
Watts Water op-C 
ne <.. * Dissipated Temperature, rn 
‘ by Cooling Degrees re 
Test Coil Centigrade tigr: 
BAe in 60 800 Kcn ees ny) a We 68.7 
Bees cree cE lL OUUD aces nates PACS Reis Sacer aes : Seoeet ia Os il 
= Ste ein 59 8000. eDa Sasha. eR er ee eer Cm Sere ere 22 
Se ns .... 62,000 ete e eee us eae 6.6 SgeTe Tats Vietwr ob) = 35.3 sec eha oaeee wor on ae es iechle 6 6.6. 
eRe oc BS O00! acon aea ne wate he seems + 90:65 ets ees BOLO cates BSS: 10.4 
Oud eee GOr700M see cera Tee eax SS ae De ee ee SRS KAT 21.9 
FRCS 000 accome a etait ea a AE Mga gece eer rt Arr. 8 try AA ol 
Ce are BF'900. eect oes A tetera: Sete 1S ee PTA Bg sivactir 9.055. See eeae 
Veesamn GOS 200 nic cenaidadine Ue ee Nei Bae Meptectne oe 49,036 vant Uh Deke Saar 19.6 
LO. sete ae SAHOO RC cue lec Uy ase spin SOMGCSEe ree ae Pe le waco BiQUee * ew A: 
Meee, eee 5 IRAE NSA wane eee SUi meri sc ss 15 ORS G5 Blase 8.4. vine 820 
TE cay SUA rant oats org ee STRL eer oe cos ee Saree Ne Re as 14.0. 16.1 
TStGog es Ge5 BO S006 ea ons AD. See Meee es < 7 Bat eee sees 70. Straten 1472 15.6 
Te a Sr OOM. aca IK Nace ee SO Sie core: hy yee ae ETM ate ey fe 
Te Men onee BOUUN enon ees = ORR eee rem 16 Pacre seers 50.72 ae Bios eee Bee 
1G pte. tes SBOO Nice nina Bake Ss Cy ans ae tee. Tike See ee ake ae 145i ere 18.1 
Bai ees DU BOOse ron Meee ents RO ne wear ae 80 Sosemee.. cu SO+8 oi. eoen sk O25 euce 2.6 
Tere. 1S SOO ME. mca: LOSRS cee BI Sie Sach eee as gree gegen cy: 
LOG sey 1S:000f a ae eee Tole Goa yo seone ha a ee ST pee pena 87 8.9 
20) Ae 20,100... {DLS See ee. PY eee 27, 0) cheers IMEBE ca tance 19.0 
Dicey Ss. TE BOO se, ere: rhe recs nae a ae ey M0 Gr geen 16.Giee eae 


*Calculated water rise = watts/(264 X gallons per minute). 
The air temperature ranged from 17 degrees centigrade to 27 degrees centigrade during these tests. 


compared with calculations using equa- 
tion 4 in Figure 3. ‘ 


Curves for Top-Oil Temperature 
Rise 


From equation 4 curves of top-oil tem- 
perature rise versus loss are plotted in 
Figure 4 for ingoing water temperatures 
from 0 degrees centigrade to 37.5 degrees 
centigrade, holding a constant water 
temperature rise of 10 degrees centigrade. 

On Figure 5 similar curves are shown 
for water temperature rises from 0 degrees 
centigrade to 20 degrees centigrade, hold- 
ing a constant ingoing water temperature 
of 25 degrees centigrade. 

On both Figure 4 and Figure 5, a dotted 
line for 25 degrees centigrade ingoing 
water temperature and 10 degrees centi- 
grade water temperature rise is plotted. 
This curve was derived by the author in 
1938 for design use, and acceptance heat 
runs on dozens of transformers have 
shown it to be quite accurate. 

In order to make these heating curves 
more usable by the transformer operator, 
the double family of curves on Figure 6 
has been prepared. With these curves, 
if the transformer-oil temperature rise is 
known for any one condition of loss, water 
rate, and ingoing water temperature, then 
the temperature can be determined for 
any other set of conditions. As an ex- 
ample, for any known load and water 
temperature, the water rate can be pre- 
‘determined to hold a specified oil tem- 
perature. 

If a high degree of accuracy is required, 
‘the tank dissipation should be estimated. 
For each square foot of tank surface allow 
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one watt for each degree centigrade the 
oil temperature is above the air tempera- 
ture. For example, if the tank surface is 
500 square feet and the expected oil 
temperature is 30 degrees centigrade 
above the air, the tank dissipation will be 
15,000 watts. In a normal water-cooled 
power transformer the error in this simple 
calculation will affect temperature-rise 
calculations by less than one degree 
centigrade. 


Winding Hot-Spot Temperature 


This paper contains no new test data 
on winding hot-spot temperatures. It 
appears, however, that published infor- 
mation: on self-cooled transformers can be 
used to estimate the hot-spot temperature 
in water-cooled transformers. 

There is a wealth of information on hot- 
spot temperatures in self-cooled trans- 
formers in reference paper.? The data 
have to be analyzed in a somewhat differ- 
ent manner, however, to be used in this 
paper. 

Reference paper 2 states that when the 
top-oil increment is relatively small, the 
winding hot-spot temperature rise over 
top oil varies as (loss)®8. An examina- 
tion of the tests shows this to be true if 
the increases in load are accompanied by 
an increase in oil temperature. In mak- 
ing normal short-time overload calcula- 
tions, this relation between hot-spot rise 
and loss is reasonably accurate, because 
an increase in loss increases the oil tem- 
perature. To use these data for other 
conditions of top-oil temperature varia- 
tion, the hot-spot temperature rise must 
be given a viscosity correction. Since 
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HOT SPOT RISE, °C OVER TOP OIL 


RELATIVE WINDING,LOSS. 
Figure 7. Winding hot-spot temperature rise 
over top oil as a function of winding loss and 

oil temperature. . 


the hot-spot rise over top oilislargely an 
oil-film drop, such a correction should be 
legitimate. . . 
After analyzing the test data in refer- 
ence paper 2 and other data on oil-film 
drop, the writer has come to the conclu- 
sion that hot-spot rise over top oil can be 


PER CENT LOAD 


INGOING WATER TEMPERATURE —C 


Figure 8. Effect of ingoing water temperature 
on permissible load, keeping constant hot- 
spot temperature 


At 100 per cent load: 
Water temperature =25 degrees centigrade 
Water rise=10 degrees centigrade 
Top-oil temperature=69 degrees centigrade 
Hot-spot temperature = 90 degrees centigrade 
Loss ratio=9:1 

A—For constant water rise 

B—For constant water rate 
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expressed approximately by the following 
equation: < 


‘Hot spot over top oil, degrees centigrade 
=KzL9-%4,98 (5) 
a where 
4 fer 
_ Ki=a constant depending on the winding 
- dimensions 

LL. = winding loss in watts 

_ py =oil viscosity at film temperature in centi- 
poise 


. 
_ The data supporting this conclusion are 
as follows. 


1. The oil-film drop on the water-cooling 
_ coil was found to vary as (loss)°-* and (vis- 
 cosity)?-%, vd 


2. Plate-to-oil tests shown in reference 
| paper 3 can be correlated accurately by 
_ assuming the oil-film drop to vary as 
7 (loss)°-* and (viscosity)®4. 


8. The hot-spot data from the three trans- 

_ formers tested in reference paper 2 can be 

_ correlated in a similar fashion. Taking 
only those conditions having a relatively 
low top-oil increment and assuming the 
hot-spot rise to be an oil film drop gives the 
following relations: 


A ; Oil-Film- 
- Drop 
Transformer Correlation 
LET ATS ee SS A Ae ee a (L)%9(e,) 0-12 
FE VE ne cesiaie ss os rs gwen (L)%9 (i, ) +46 
OAP=50-3:125 keval. o.. 2 eb ante eis. a'Ss (L)%9(u,)-28 


When all of the foregoing was taken 
into consideration, the use of (loss)®-* and 
(viscosity)®-* seemed to be the best aver- 
age to use until more reliable data are 
available. From study of other unpub- 


PER CENT LOAD 


2 50 100 150 


200 
PER CENT NORMAL WATER RATE 


Figure 9. Effect of water rate on permissible 
load, keeping constant hot-spot temperature 


At 100 per cent load: 

Water temperature=25 degrees centigrade 

Water rise =10 degrees centigrade 

Top-oil temperature=69 degrees centigrade 

Hot-spot temperature = 90 degrees centigrade 

Loss ratio=92:1 

A—For 25-degree-centigrade ingoing water 
temperature 
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lished data the author believes the use of 
these exponents for overload calculations 
will give conservative results. 

This viscosity effect is particularly im- 
portant for calculating permissible con- 


tinuous overloads at reduced ambient 


temperatures. Under this condition as 
the load goes up the oil temperature 
comes down. Thus, on overloads the oil 
viscosity is higher than at normal load in 
standard ambient. The effect is to in- 
crease the hot-spot over top oil as approx- 
imately (loss)!°, This is fortunate since 


‘turn insulation and other solid insulation 


temperature drops also imcrease as 
(loss) 1-9, 

To facilitate calculation, a family of 
curves has been plotted on Figure 7 
showing hot-spot variation with winding 
loss and oil temperature as plotted from 


equation 5. 


Permissible Loading When Water 
Temperature and Water Rate Are 
Changed 


By the use of the curves in this paper, 
the effect of changing the water rate and 
the ingoing water temperature on a typi- 
cal water-cooled transformer can be cal- 
culated. Assume that a transformer has 
the following characteristics at 100 per 
cent load: 


Ingoing water temperature=25 degrees 


centigrade 

Water temperature rise=10 degrees centi- 
grade 

Hot-spot temperature=90 degrees centi- 
grade 


Top-oil temperature =69 degrees centigrade 
Loss ratio =2:1 


By using Figure 6 and Figure 7 the per- 
missible loads that can be carried by this 
transformer with other ingoing water 
temperatures are shown on Figure 8. 
One curve is for a constant water rate, 
and the other applies if the water rate is 
changed with load to maintain ten de- 
grees centigrade water rise at all times. 
It is interesting to note that very little is 
gained by increasing the water rate at the 
higher loads. For either condition the 
load can be increased approximately 0.8 
per cent for each degree centigrade the 
water temperature is under 25 degrees 
centigrade and should be reduced approx- 
imately two per cent for each degree 
centigrade the water temperature is 
above 25 degrees centigrade. 

Similarly, Figure 9 shows how the load 
can be varied, if the water rate is changed, 
holding constant ingoing water tempera- 
tures. 

Figures 8 and 9 are drawn on the basis 
of maintaining a constant winding hot- 
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spot temperature except for loads less 
than 100 per cent, where the top oil tem- 
perature is kept constant on account of 
the core temperature being the limiting 
factor. 


Discussion 


Incrustations in the cooling coil will in- _ 
crease the temperature difference between 
the water and the cooling coil by adding a 
scale temperature drop and consequently 
will increase the oil temperature. 

It is apparent from the foregoing that 
the viscosity of the oil is a very important 
factor in water-cooled transformer calcu- 
lations. If the oil in a transformer does 
not have a viscosity-temperature relation 
similar to that shown in Figure 1, the 
curves given in this paper will not apply. 
In general, however, an appreciable differ- 
ence will be noted only when the ingoing 
water temperature is low. 

Additional test data must be obtained 
to permit a more precise calculation of 
winding hot-spot temperatures in water- 
cooled transformers. However, with the 
small difference in temperature between 
top oil and average oil that exists in most 
water-cooled transformers, hot-spot tem- 
peratures are usually not a problem to the 
designer. This is in contrast to some 
self-cooled transformers that have top-oil 
increments of as much as ten degrees 
centigrade, or even more where the aver- 
age winding rise must be reduced to meet 
the hot-spot limit. 

Even in a water-cooled transformer, ~ 
where the oil encounters very little fric- 
tion in its path of flow, the top-oil incre- 
ment may be five degrees centigrade or six 
degrees centigrade instead of two degrees 
centigrade, if the oil level is only a small 
distance above the core and coils or if the 
cooling coil extends down too far along 
the core and coils. For these cases the 
curves in this paper still can be used with 
little error to estimate the effect of chang- 
ing load, water temperature, and water 
rate. (The designer must know how 
much the oi] temperature will increase to 
be sure that the hot-spot-temperature 
limit is not exceeded.) 
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Poaialse for Conductor Size According 


to Cost of Resistance Loss 


HERBERT B. DWIGHT 


FELLOW AIEE 


N DESIGNING an electric-power line 
the choice of conductor depends on 
several factors such as mechanical 
strength, corona loss, reactance, and re- 
sistance. In the early years of electric- 
power transmission and distribution, a 
size of conductor was chosen which was 
considered the best in view of all the re- 
quirements. At present so many differ- 
ent types of line conductors are available 
that each feature can be provided for al- 
most independently. Thus, a core of 
steel or bronze may be specified to provide 
the required mechanical strength; a hol- 
low conductor may be chosen to avoid 
corona and to reduce the reactance; and 
the resistance, that is the current density, 
may be chosen according to the cost of re- 
sistance loss or according to temperature 
rise. 

In this paper are described formulas by 
which the conductor size, usually ex- 
pressed by the number of circular mils, 
can be computed conveniently according 
to the cost of resistance losses. 

The effect of the cost of resistance loss 
is such that in most cases where one is 
choosing a conductor for a power circuit 
that is to be built there is a certain current 
density at peak load that should not be 
exceeded. 

The cases are divided into two classes 
which are markedly different. Where 
the conductors are owned by the company 
which generates the power, conditions at 
peak load are predominant. On the 
other hand, where the losses in the con- 
ductor are paid for by the kilowatt-hour, a 
careful determination must be made of 
the ratio of the yearly average resistance 
loss to the maximum. This ratio may be 
very low on some branch circuits which 
may go practically unused for extended 
periods. In spite of the difference be- 
tween the two classes, the same formulas 
may be used for both. 

Where the conductors are owned by the 
power company, the problem depends 
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almost entirely on conditions at peak 
load, and the work of choosing a conduc- 
tor size becomes comparatively simple. 
After the maximum advisable current 
density has been determined for a given 
location, it can be applied quickly for 
almost any case that might arise, and the 
length of line, voltage, and so forth, need 
not affect directly the choice of conductor 
cross section. After the maximum cur- 
rent density for uninsulated conductors 
has been determined, it is a simple rule to 
state that in specifying new conductors of 
that type at any voltage, this current 
density should not be exceeded unless 
there is an exceptional case. 

The simplest case will be taken up first, 
and details arising from various items will 
be added later. 

Let 


C=circular mils of a bare overhead copper 
conductor 

Cubic inches of copper per 1,000 feet =7C x 

107 &X 12,000 


Cost of copper at v dollars per pound, in- 
stalled, and 0.321 pound per cubic inch is 


0.321 X yl X 12,000 Cv = 0.00303 Cr dollars 


per 1,000 feet 
Annual fixed charge at mm, per cent 
=0.0000303 Cum, per year 


Resistance at 0.692 <10~® ohm per inch cube 
at 25 degrees centigrade =0.692X10-§X 
10,600 


4 
12,000 XG 108 = ohms per 1,000 feet 
Tv 


: ‘ig 
Resistance loss at J amperes 10.67, kilo- 


watts per 1,000 feet (1) 


The numerical coefficients would be 
different for aluminum conductors as 
shown by equations 13 and 14. 

Let power be supplied by a water- 
power station and an intervening power 
circuit whose first cost is s dollars per 
kilowatt and whose annual fixed charge is 
m, per cent. Let the station be enlarged 
enough to supply the resistance loss. Let 
I be the current in the conductor at the 
time of peak load on the station. The 
fixed charge for this enlargement of the 
station for 1,000 feet of conductor is 
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I*smyz 
0.106 C 


dollars per year 
Total annual charge for the copper and 
its resistance loss is 


I*sme 
M=0.0000303 Cum,+0.106 C 


dollars per 


1,000 feet of conductor (2) — 


The rate of change of M for a given 
current J, as C varies, is 


dM I*smye 
—— = —— 6 —— 3 
dC 0.0000303 vm,—0.10 C (3) 


As long as this is negative, it pays to in- 
crease C. The most economical size is 
when dM/dC=0. Then 


Gh. 0.106 sme 
I? 0.0000303 om 


& =59 V pkg circular mils per ampere (4) 


ph um 


Section of conductor is 


=7C 10-* square inch 


Most economical current density is 


I 4xX108 
caeta na Yc BCT \ amperes 
A 59r SMe SMe 

per square inch (5) 
Thus, let 


v=0.25 dollar per pound, installed 

s=150 dollars per kilowatt 

Mm, = M2 =12 per cent 

temperature of conductor =25 degrees centi- 


grade 
sm2 150 
=== = 600 
vm, 0.25 


Circular mils per ampere=59 V/ 600 
= 1,450 by equation 4. 


Fuel Cost 


Let the ratio of average resistance loss 
to its value at the time of peak load on the 
generating station be 6b. This is less than 
the load factor, 

The kilowatt-hours of resistance loss 
per 1,000 feet of conductor per year are 

bi? bi? 
8,760 X 10.6— = 93,000— 
G G5 

Let the fuel cost per kilowatt-hour be g 

dollars. 


2 
Annual fuel cost = 93,000 


Annual fixed charge on a portion of the gen- 
erating station to supply the line 


2 
losses = 0.106" — 


where s and mp 


have the meanings already described. 
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se 


1s 


/ 


0.0000 oss ra 1065+ 
. --98,000bg) (6) 


= 


Bac. =0. 00008030, (0. 106smg 


4 : | +93,000 bg) 


q For the most economical current density, 
eating fuel cost, 


Cc __0.106sm2+93,000bg 
Oe 0.0000303um 


iC [0.106sme 93,0006 
an 182 0.106sm2+ 93,000bg (7) 
um, 


at 25 degrees centigrade. 
The cost of copper, » dollars per pound, 
» should include the cost per pound for in- 
_stallation and also the cost of any part of 
_ the supports whose cost varies directly 
with the weight of copper. 
If the energy is purchased at a certain 
amount per kilowatt-hour, this amount is 
to be taken as the value of g, and in such a 


es? ee a eae 


case sis to be taken as zero unless there is * 


a further charge proportional to the peak 
or demand. In computing the saving 
from reduced resistance losses where a 
_step rate is used, the lowest step should 
be taken as the value of g. In case of 
payment by the kilowatt-hour, J is to be 
the peak current in the conductor, and } 
is to be computed for peak load on the 
conductor instead of on the generating 
system. 


Varying Cost Per Pound of Insulated 
Copper 


When the cost per 1,000 feet of a given 
type of insulated conductor is plotted, it is 
found that the conductor cost does not in- 
crease so fast as the weight of copper. 
The insulation tends to be a rather con- 
stant part of the complete conductor. 

Let the rate of increase of conductor 
cost be h times the rate of increase of cop- 
per. An average value of h may be about 
0.75, but it may be much less for small 
wire sizes. It usually may be taken as 
one for bare transmission-line conductors. 

In order to find the value of h, the cost 
of various sizes of insulated conductor in 
dollars per 1,000 feet may be plotted 
against the number of circular mils of cop- 
per and a smooth curve drawn through 
the points. This curve usually is fairly 
straight. Suppose, for example, that 
two points which give the slope of the 
curve at a desired part of the range are 
$150 per 1,000 feet for 100,000 circular 
mils and $210 per 1,000 feet for 150,000 
circular mils. The percentage increase in 
cost is 60/150 X 100 = 40 per cent, and 
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the percentage increase in the copper i is 50 
per cent. Then h=40/50=0.8 for this 
example. 


Since equation 3 gives the rate of in- 


crease in cost with change of copper sec- 
tion, the factor h applies to the first term 
of equation 3 but not to the second. 
Thus equation 4 becomes 


==59¢4)=—— 
vg hom, (8) 
and equation 5 becomes 


a hom, 
=21,500 ’ 
a0 SM ; (9) 


for water-power systems. 
Similarly, for insulated copper conduc- 
tors, equation 7 becomes 


G ; 
Case \" 106sm2+93,000bg 
if hum, 
circular mils per ampere (10) 


The current density is given by 


pas 7,000 pia pub ayt oe 
A 0.106sm2+93,000bg 


amperes per square inch (11) 


Formulas 6, 10, and 11 are the only ones 
that need to be put on record for copper 
conductors, as with bare conductors h 
may be put equal to one and in appropri- 
ate cases g, the fuel cost, may be put equal 
to zero. Where energy is purchased by 
the kilowatt-hour the quantity s may be 
put equal to zero. 

The change in resistance due to tem- 
perature or other cause is easily taken 
into account. For instance, where the 
temperature of the conductor at peak 
load is to be taken as 75 degrees centi- 
grade instead of 25 degrees centigrade, the 
resistance will be 19 per cent higher. An 
inspection of the derivation shows that 
the numbers 0.106 and 93,000 are propor- 
tional to the resistance and will be 19 per 
cent higher for 75 degrees centigrade. 
The most economical value of C?/J? will 
be 19 per cent larger, and that of C/I 
will be 9 per cent larger than given by the 
formulas, Similarly, if the conductors are 
hard drawn, the resistance will be about 
2 per cent higher, and the most economi- 
cal value of C/I will be 1 per cent larger. 


Formulas for Aluminum Conductors 


If the derivation of equation 1 is re- 
peated for aluminum instead of for cop- 
per, the cost of aluminum at v dollars 
per pound installed and 0.098 pound per 
cubic inch is 


0.098 (ar /4)10~®X 12,000 Cv =0.00092 
Cv dollars per 1,000 feet 


Dwight—Formulas for Conductor Size 


Resistance at 1.135 X 10-* ohm per inch 
cube at 25 degrees centigradeis 


17,300 
(6s 


Resistance loss at J amperes=17 3(I?/ @) 
kilowatts per 1,000 feet 


ohms per 1,000 feet — 


The kilowatt-hours of resistance loss per 
year are 
bi? 


DIA 
8,760 X17.3— =152,000— 
i oa S 


The annual charge for the aluminum con- 


ductor and its resistance loss is 


[? 
_M@ =0.0000092Com+—(0.173sm2+ 


152,000bg) (12) 
For the most economical current density 


C?_0.178sm,+152,000bg 


TP 0.0000092 hum 
g 


=330 jo.173 sm2+152,000 bg 
I hom, 


circular mils per ampere (13) 


and 


hom, 


SL 
A Vom sm2+ 152,000 bg 
amperes per square inch (14) 


for aluminum conductors. 

The steel core scarcely needs to be con- 
sidered, as it may be taken to be similar 
to an equal weight of insulation, so far as 
this computation is concerned. 

In cases where the generating system is 
not fully loaded and has no prospect of 
being so for some years (the ownership of 
the conductors being the same as that of 
the generating system), then the equa- 
tions described in this paper should not be 
used, but the smallest possible conductors 
should be specified. 

The question of how heavily a conduc- 
tor should be loaded with current after it 
has been installed is not discussed in this 
paper. It is an entirely different ques- 
tion from that of choosing the size of a 
conductor that is not yet installed. After 
a line is built, it may be advisable to load 
it to a higher current density than the 
value for greatest economy used in an 
original design. 

The determination of conductor size 
according to cost of resistance loss is 
particularly appropriate for overhead con- 
ductors, as the heating limit is seldom 
approached and there is a considerable 
range of resistances that can be chosen 
without much effect on the reactance or 
mechanical'strength. The calculation of 
the most economical conductor size is 
simple and definite, especially where it 
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depends mainly on the peak value of cur- 
rent rather than on the kilowatt-hours of 
resistance loss. 


List of Syintole 


A=area of conductor section in square 
inches 

b=ratio of average resistance loss to its 
value at the time of peak load 

C=area of conductor section in circular mils 

g=fuel cost in dollars per kilowatt-hour 

h=ratio of increase in conductor cost to in- 
crease in conductor section 

T=current in the conductor at time of peak 
load 

M=total annual charge for a copper con- 
ductor and its resistance loss 

~M,=total annual charge for an aluminum 
conductor and its resistance loss 

m,=per cent, annual fixed charge on con- 
ductor 

™ma=per cent, annual fixed charge on gener- 
ating system 

s=first cost of generating system, dollars 
per kilowatt 

v=cost, dollars per pound of copper or 
aluminum 


Example 1 


An example that shows clearly how 
‘losses in conductors can be balanced 
directly against a proportionate part of 
the cost of the entire generating system is 
that of the leads from the terminals of a 
water-wheel generator whose rating in 
amperes is 1,800 amperes. Take the 
following values (see list of symbols) : 


T=1,800 amperes m=m.=15 


Lo s=$160 per kilowatt 
h=1 v=0.20 dollar per 
pound 


temperature of the annealed copper = 40 
degrees centigrade at rated load current 


hom, =0.20 X15 =3.0 


Ry _285+40 _ 
SS 1.058 
Re ~ 235-425 
1.058 X0.106 sm2=1.058 0.106 X160 X15 
= 269 

By formula 11 
it 7,000 _ 7,000 
= =7,000 = - —— 
A 9 ~/89.7 39.7 9.5 

= 740 amperes per square inch 

1,800 

A = FA =2.43 square inch, that is, a sec- 


tion of 0.4 by 6 inches may be used. 


It is seen that in this example one 
kilowatt of extra loss in the leads, whether 
they are long or short, would mean a re- 
duction by one kilowatt in the rated out- 
put of the generator and of the complete 
water-power plant. It is worth $160 to 
eliminate one kilowatt of loss in the gener- 
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Even if the Ati are ¢ 
feet long, it is right that t 101 
at least, a cross sectiot 
inches. 


A comparison is of interest nae the va 


design that might commonly be used 
based on current-carrying capacity and 
temperature-rise limit. 

A single copper strap, one tame by six 
inches, has a current-carrying capacity of 
1,800 amperes at about 35 degrees centi- 
grade rise. This is 63 per cent as much 
copper as the 0.4-by-6-inch size. 

The annual charge per 1,000 feet of con- 
ductor is given by equation 6. 

The circular mils of conductor of 2.43 


_ square inch section are 


C=2.43X é 108 =3,090,000 circular mils 
wv 


M=0.0000303 3,090,000 X0.20 X15+ 
1,800? 

3,090,000 

=281+-281 =$562 per year 


1.058 X 0.106 X 160 X 15 


Note that the two terms are equal, for 
minimum annual charge, when h=1. 

The circular mils of 1/4 by 6-inch con- 
ductor are 


it 4 
q<8x — X10*=1,910,000 circular mils 
Tv 


M =0.0000308 X 1,910,000 X 0.20 X 15+ 
1,800? 

1,910,000 

=174+ 456 =$630 per year 


1.058 X 0.106 X 160 X15 


This is 12 per cent greater than the mini- 
mum, $562. Besides saving 12 per cent 
in annual charges, the heavy size of cop- 
per has the advantages of lower tempera- 
ture and less reactance. 

As in other cases of this application of 
Kelvin’s law, to specify heavier conduc- 
tors at improved economy does not neces- 
sarily mean a larger investment by power 
companies which have plant extensions in 
prospect. The matter is a choice in 
engineering design, whether a certain 
fraction of the investment be made in 
conductors or in generator-station capac- 
ity. See reference 1. 


Example 2 


A 70,000-kva hydroelectric station and 
a 35-mile 115-kv transmission line with 
350,000-circular-mil copper conductors 
were designed and built at the same time. 
The line carries the output of the station 
to a city, where the voltage is regulated 
by synchronous condensers. The cost 
data are taken to be the same as in ex- 
ample 1 

The transmission line of 350,000-circu- 
lar-mil conductors has 3.1-per-cent resist- 


Dwight—Formulas for Conductor Size 


M=0.0 0000803 X600,0 woo x020xI6+ 


350? 
‘ 10x15 
600, 000% 058 X0. 106X1 


=55+55=$110 | per year .F 


‘4 
The annual charges for 1,000 feet ene 
350, 000-circular-mil conductor are j 
M=32+94=$126 


which is 15-per cent greater a the 
minimum value, $110. . 
Note that with usual types of conduc- 


tors, to change from 350,000 circular mils ~ 


to 400,000 circular mils reduces the re- — 
sistance by 12 per cent, but the 60-cycle 
reactance at ten-feet effective spacing is 
reduced only one per cent. With hollow 
conductors the change might be made by 
keeping the same diameter and increasing 
the thickness, in which case the reactance 
would be changed practically not at all. 


Example 3 


Although the formulas in this paper are 
chiefly applicable to bare overhead con- 
ductors, occasionally a case occurs in. 
which the current density in an insulated 
wire or cable at its maximum permissible 
temperature is greater than the most 
economical current density, and so it pays 
to specify a larger conductor than one 
ordinarily would. 

A conductor insulated with asbestos 
and varnished cambric is used in wiring 
in a long run in a dry location in free air, 
the temperature of the copper being 75 
degrees centigrade. The peak current is 
600 amperes. The conductor is owned by 
the same company that owns the steam 


station supplying the power. Take 
b=0.25 

g=0.002 dollar per kilowatt-hour 
h=0.7 


mM, =m,=15 

s=$110 per kilowatt 

v=0.55 dollar per pound 
700,000 circular mils 

0.106 sm2=0.106 X110X15=175 

93,000 bg = 93,000 X0.25 X0.002 = 46 


Total 221 
hum =0.7 X0.55 X15=5.78 


of copper at 
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_ By equation 10, with the correction 
_ factor 1.193 inserted for 75 degrees centi- 
_ grade, the most economical value of cir- 
poke mils is j 


1,193 X221 


600X182 =737,000 circ 
‘ OX xy 578 737,000 circular 


Z mils 

- for which 700,000 circular mils might be 

chosen. The code size for 600 amperes 

_ for the conditions described is 350,000 
circular mils. 

To show the effect of the factor b, let 

the computation be repeated with b=0.15 


- 


93,000-bg = 93,000 X0.15X0.002 =28 
284175 =203 


The most economical value of circular 
mils is 


00 x182 ieee ee = 706,000 
“fi 


' for which the size 700,000 again would be 
chosen. The difference in the two com- 
puted results is four per cent. 

Again, putting b=0, the most eco- 
nomical value is 


[1193x175 
~ 600X182 4 —————- = 650,000 
ale 5.78 


Though this is a slightly smaller size than 
700,000 circular mils, it is much larger 
than the size given by heating consider- 
ations alone. Although the factor b for a 
conductor which is being specified is not 
always easy to estimate, the precise value 
of 6 is not of very great importance in 
cases where the conductor is owned by 
the power company, as in the case of most 
transmission and distribution lines. 

The percentage increase in size from 
350,000 to 700,000 circular mils is 100 per 
cent. Then the ratio in the cost per 
1,000 feet of the two sizes is 


circular 
mils 


circular 
mils 


1+1.00X0.7 =1.7 


For 350,000 circular mils, the cost per 
pound of copper is 


0 


0.55 X = =(.65 dollar 


The annual charge for 1,000 feet of the 
700,000-circular-mil conductor is by equa- 
tion 6, taking )=0.25, 


M=0.00003038 X 700,000 X 0.55 X 15+- 
600? 
700,000 


221 =175+114 =$289 


For 1,000 feet of 350,000-circular-mil 
conductor, 


M =0.0000303 X 350,000 X 0.65 X 15+ 
600? 


221 =103-+227 =$330 
350,000 °° e 
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which is 14 per cent greater than $289, 
the minimum value. 

In this example, even if the load factor 
were almost zero, a heavy conductor 
could be specified at a saving in annual 
cost, with the additional advantages of 
lower temperature, longer insulation life, 
less voltage drop from reactance, and 
greater overload capacity. 


Example 4 


The corridors of an apartment building 
are wired with number-10 wire in iron 
conduit. The main electrical load is the 
lighting fixtures which are turned on for 
an average of 15 hours a day throughout 
the year. The current in the wires of the 


lighting circuits is 22 amperes, diminish- | 


ing uniformly toward the end of the 
branch circuits, plus three amperes taken 
for short times from the outlets. This 
gives a maximum current in the wire of 25 
amperes, for which the code size of wire is 
number 10. 

Because of the current’s tapering off 
uniformly along the wire, its resistance 
loss is one-third of what it would be with 
full current in all parts. Then 


i 
son 0.208 


1 
be = 
324 


Take g=0.016 dollar per kilowatt-hour, 
in lieu of fuel cost, h=0.65, m=14, s=0, 
v=$2 per pound of copper installed, in- 
cluding cost of conduit and insulation, for 
number-8 wire. 


93,000 bg = 93,000 X 0.208 X 0.016 =310 
hom, = 0.65 X2.00X14=18.2 


<p) 30=750 


where J=22 amperes, the current which 
flows 15 hours each day. 
The most economical section of wire is 


C=750 X22 = 16,500 circular mils 


that is, number-8 wire. 

The percentage increase in size from 
10,400 circular mils to 16,500 circular 
mils is 59 per cent. Then the ratio in the 
cost per 1,000 feet of the two sizes is 


1+0.59 X0.65 =1.38 


For number-10 wire, the cost per pound of 
copper is 


2.00 X (1.59/1.38) = $2.30 


The annual charge-for 1,000 feet of num- 
ber-8 wire is, by equation 6, 
M =0.0000303 16,500 X 2.00 X 14++ 
2 
22" _5¢93,0000.208 X0.016 


16,500 
=14.0+9.1=$23.1 


Dwight—Formulas for Conductor Size 


For 1,000 feet of number-10 wire, 


M =0.0000303 X 10,400 X 2.30 X 14+ 


22? } 
10,400" oe 0.208 X 0.016 


=10.1+14.4=$24.5 


which is six per cent greater than 23.1, the 
minimum value. 


Example 5 


Groups of lighting fixtures are supplied 
by number-10 wire, the conditions being 
the same as in example 4, except that the 
wiring is owned by the company which 
owns the steam station. 


g=0.002 dollar per kilowatt-hour 

m=14 ' 

s=125 dollars per kilowatt 

0.106 sm. =0.106 X125K14=186 

93,000 bg = 93,000 X0.208 X0.002 = 39 
Total 225 

hum, =0.65 X2.00 X14=18.2 


By equation 10 


where J/=22 amperes, the current which 
flows 15 hours per day. 

If one wire size is to be chosen for this 
entire part of the wiring, the most eco- 
nomical section is 


C=640 X22 =14,000 circular mils 


For the wires leading to the groups of 
fixtures, the current has full value, and 


15 


93,000 bg = 93,000 X 0.625 X 0.002 = 116. 
186+ 116 =302 


C=740 X22 =16,300 circular mils, or num- 
ber-8 size 


Thus, if the current density is watched 
for each part of the wiring, larger than 
code sizes may be specified free of extra 
cost for the more heavily loaded parts. 
If the slight complication of changing 
wire sizes is considered worth while, the 
advantages of reduction in voltage drop, 
longer insulation life, and greater over- 
load capacity may be obtained. This 
applies to the same extent to exam- 
ple 4. 
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POT WELDING consists essentially 
# of clamping two pieces of sheet metal 
between two copper electrodes and pass- 
ing through the pieces an electric cur- 
rent of sufficient strength to fuse them 
together at the spot where the current is 
most concentrated. Spot welding is the 


simplest of the electric resistance-welding | 


processes which depend upon the Joule 
effect, H=J?RT, for the generation of 
heat. The total resistance, R, in spot 
welding consists of the body resistance of 
the metal between the electrodes plus the 
sum of the sheet-to-sheet and electrode- 
to-sheet contact resistances. The pur- 
pose of this paper is to report to the elec- 
trical-engineering profession on recent in- 
vestigations of the electrical resistance of 
these contacts and the importance of 
these resistances in the spot-welding 
process. 


Contact resistance is believed to be ex- 
tremely important in the spot welding of 
all metals. Knowledge of the subject, 
however, is very limited in spite of exten- 
sive use of the spot-welding process. 
Doctor F. J. Studer at Union College and 
Doctor W. B. Kouwenhoven at Johns 
Hopkins University have made a good 
start in studying contact resistance from 
the point of view of spot welding, but 
much remains to be done.!*?_ In England 
R. F. Tylecote has done much to advance 
knowledge of the subject. During the 
past few years much has been learned 
about contact resistance and the spot 
welding of aluminum alloys.4 This has 
been largely the result of the aircraft spot- 
welding research program at the welding 
laboratory of the Rensselaer Polytechnic 
Institute. The work was sponsored by 
the National Advisory Committee for 
Aeronautics, the Army Air Forces, and 
the Navy Bureau of Aeronautics. Prior 
to the latter work some observations of 
contact resistance were made at the same 
laboratory in connection with research 
on the spot welding of steels. This work 


Paper 46-9, recommended by the AIEE committee 
on electric welding for presentation at the AIEE 
winter convention, New York, N. Y., January 21-— 
25, 1946. Manuscript submitted October 2, 1945; 
made available for printing November 5, 1945. 
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ment of metallurgical engineering, Rensselaer 
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Methods of Measuring Contact 
Resistance 
The contacts in spot welding do not 

have constant values of resistance. Be- 

fore the welding current starts to flow the 
resistance of the contacts depends pri- 
marily upon the surface condition of the 

contacting metals. Factors of less im- 

portance are the kinds of metal in con- 

tact, the electrode force, and the size and 
shape of the electrode, tips. As soon as 
the welding current starts to flow, the re- 
sistance of each contact quickly decreases 
as more intimate contact is made between 
the two metals. In studying these con- 
tacts two types of resistance measure- 
ments are necessary: a measurement 
under static conditions to determine the 
initial contact resistance and an oscillo- 
graphic measurement to follow the change 
in resistance while the weld is forming. 

The latter measurement necessarily must 

be made with the specimens clamped be- 

tween the electrodes of an actual spot- 
welding machine. The initial contact 


SHEET-TO- SHEET 
RESISTANCE 


ELECTRODE -TO-SHEET 
RESISTANCE 


Figure 1. Diagram showing planes between 
which sheet-to-sheet and electrode-to-sheet 
resistances are measured 
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- electrode-to-sheet resistance i 


The sheet-to-sheet 1 
itact resistance plu 
contact resistance plus the 1 
one-half sheet of material. This 
illustrated by Figure 1. At the si 
the weld the body resistance of the 
terial is usually negligible in compa 
with the contact resistance. As 
formation of the weld progresses, the 


resistance of the material accounts for an — 
increasingly greater part of the measured 


resistance. 


STATIC MEASUREMENTS 


Though there are several different — 
methods of measuring contact resistance, 
they all require a small press for clamping — 


a pair of specimens in contact with each } 


other. A typical press is shown in Figure 


2. The essential features of this press 


are the copper electrodes and the hy- 
draulic jack and calibrated spring for 
applying a force of known magnitude to 
the electrodes. 


The electrodes are made of one of the | 


copper alloys which are commonly used 
for spot-welding electrodes. In fact the 
press should be designed to take a pair of 
standard electrode tips. One electrode 
has to be insulated electrically from the 
press in order to direct the current 
through the specimens. The contour of 
the electrode faces should be spherical 
with a radius of curvature of three or four 


Figure 2. Press for the measurement of con- 
tact resistance 
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as a result the distribution of pressure 


isk 
a ee me 7 “ 
x WP, 7 i 


over the contact area may be inconsistent. 
When the electrode contour is spherical, 


the specimens tend to adjust themselves 


to that contour, as indicated by Figure 1 


‘in which the effect is greatly exaggerated. 


This naturally tends to produce a more 
consistent area of contact and distribu- 
tion of pressure over that area. Another 
factor, which may affect the consistency 
of the results, is play or freedom of move- 
ment of the electrodes with respect to 
their intended axis of alignment. The 
construction of the press must be such as 
to keep the electrodes rigidly in alignment 
and yet to permit their easy movement 
along the alignment axis. An electrode 
force of 1,000 pounds is employed with 
electrodes having a contour four inches in 
radius. Satisfactory results also may be 
obtained by using an electrode force of 
500 pounds with electrodes having a con- 
tour three inches in radius. . 

At least three different circuits have 
been successfully employed for measuring 
contact resistance. At this laboratory a 
modified Kelvin double-bridge circuit is 
used, as shown in Figure 3. The current 
through the contact is limited to within 
20-100 amperes by means of Rp. Within 
this range the actual magnitude of the 
current has no appreciable effect on the 
resistance of the contact, but it must be 
high enough to make the circuit suffi- 
ciently sensitive. In this circuit R, is a 
standard resistance of 100 microhms. 
Each of the R; and R; resistance arms 
consists of two decade units in series (10 
and 100 ohm steps). Each of the R, and 
R, resistance arms consists of a fixed re- 
sistor of the plug-in type (10, 100, or 1,000 


Rx hh SS 
Rs R2 ~ Rg 
KELVIN DOUBLE BRIDGE CIRCUIT 


CVT 


AMMETER-VOLTMETER A-C CIRCUIT 


Figure 3. Circuits for measuring contact re- 
sistance 
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ohms). Thus by changing R, and R4 
three ranges of R, can be covered: 100 
to 10,000, 10 to 1,000, and 1 to 100, all 
in microhms. In operating the bridge, 
R; is always kept equal to Rs, and Rz is 
kept equal to Ry. The circuit is direct 
reading in the sense that, when it is bal- 
anced, the value of R, in microhms is ob- 
tained simply by multiplying the reading 
of R; by a multiple of ten. Although the 


precision of the circuit is not great, itis 


ample for the requirements of this work. 
For more details on this circuit the 
reader is referred to previous papers.®7 
Contact-resistance measurements at 
some laboratories are made by the 
voltmeter-ammeter method using alter- 
nating current, as shown in Figure 3.8 
This circuit requires the use of a sensitive 
vacuum-tube voltmeter for measuring the 
voltage drop across the contact. Current 
and voltage readings have to be taken 
simultaneously, and, therefore, to avoid 


aed fy 
isl ——. 2.83” ——_>| “er 
5” 
n -¥ u 
SSS 0.064 
Figure 4. Circuit and standard resistance for 


measuring contact resistance by means of 
millivoltmeter 


Material for R,—Bare 245-T aluminum alloy 
C—Points for current connections 
P—Points for potential connections 


errors due to fluctuations in line voltage, a ~ 


constant-voltage transformer usually is 
employed. The magnitude of the current 
in this circuit also is limited to a range 
from about 20 to 100 amveres. This cir- 
cuit is somewhat faster in operation than 
the bridge circuit just described. 

The circuit shown in Figure 4 is recom- 
mended for plants where there is a lack of 
electric equipment and where contact- 
resistance measurements are to be made 
at a minimum of expense. In this circuit 
the unknown contact resistance is com- 
pared with a standard resistance, Ry, of 
100 microhms. The most important ele- 
ment in the circuit is the millivoltmeter, 
which should have a range of from 0 to 20 
millivolts for measuring resistances below 
1,000 microhms, The resistance, Rj, is 
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Figure 5. Alignment chart for evaluating 
measurements made with circuit shown in 
Figure 4 


R,;=100 microhms 


used to keep the current within a range 
from 20 to 100 amperes. The actual 
magnitude of the current is not impor- 
tant, but it should not vary while the 
voltage drops across the contact and the 
standard resistances are being measured. 
A standard resistance of 100 microhms 
and of sufficient accuracy for this work 


_ can be easily made froma piece of 24S-T 


aluminum-alloy sheet as shown in Figure 
4, The precision of this circuit depends 
upon the accuracy of the millivoltmeter 
and the standard resistance. Therefore, 
it is recommended that the resistance of 
the standard be checked by some means 
and adjusted to within at least plus or 
minus five per cent of its intended value. 
The resistance of such a standard does 
not change appreciably, because of the 
heating effect of the current while meas- 
urements are being made. The align- 
ment chart, shown in Figure 5, is provided 
for obtaining the resistance of the contact 
from the millivoltmeter readings without 
making calculations. 


Dynamic MEASUREMENTS 


Contact resistance is measured during 
welding by means of an electromagnetic 
oscillograph, as shown in Figure 6. A 
shunt, consisting of a piece of manganin 
(R;), is installed in the lower electrode 
holder for the purpose of obtaining a 
voltage drop which is an accurate measure 
of the welding current. Suitable poten- 
tial connections are made to the shunt, 
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electrode tips, and specimens. The leads 
for these connections have to be twisted 
carefully and arranged to avoid inductive 
effects. With this arrangement a com- 
plete record of the four important voltage 
drops is obtained when a weld is made. 
The oscillograph circuits are calibrated in 
terms of volts per inch deflection, and the 
desired values of resistance are obtained 
by measuring the oscillograms and mak- 
‘ing the necessary calculations. This is 


done for each contact, and the results are . 


plotted as a function of time. It is usu- 
ally desirable to superimpose a plot of the 
welding current on the resistance curves. 


Contact Resistance and the Spot 
Welding of Aluminum Alloys 


The surfaces of aluminum alloys are 
characterized by the presence of an oxide 
film which must be removed or otherwise 
operated upon before these alloys can be 
satisfactorily spot-welded. The surfaces 
of these alloys can be prepared for spot 
welding by either mechanical or chemical 
methods. By the mechanical methods 
the original oxide film is removed from 
the surface of the metal by means of a 
wire brush, steel wool, or abrasive cloth. 
The chemical methods consist of immers- 
ing the metal in a chemical solution which 
removes the original oxide film or trans- 
forms it in such a way as to make the sur- 
face suitable for spot welding. Chemical 
methods have many advantages over 
mechanical methods, and during the past 


few years the trend in industry has been 


toward chemical methods. 


ORIGINAL EXPERIMENT 


An experiment was devised in which a 
pair of specimens could be clamped be- 
tween the electrodes of a spot-welding 
machine, and the contact resistance 
measured both before and during weld- 
ing. The circuit by which this was ac- 
complished is shown in Figure 7. In the 
experiment specimens of Alclad 24.S-T 
sheet were treated in a solution of hydro- 
fluoric acid, which was recommended for 
the purpose at that time (1941). After 
treatment each pair of specimens was 
clamped between the electrodes and the 
initial contact resistance measured by 
means of the Kelvin double-bridge circuit 
shown in Figure 7. Without disturbing 
the specimens in any way the welding 
current next was passed, and the change 
in contact resistance was followed oscillo- 
graphically by means of the connections 
that are also shown in Figure 7. The re- 
sults of the initial bridge measurements 
are plotted in Figure 8. It will be noted 
that the contact resistance was a critical 


e 
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Figure 6. Oscillograph connections for meas- 
urement of voltage drops in secondary circuit 
of spot welder 


A—Upper electrode to sheet 
B—Sheet to sheet 

C—Lower electrode to sheet 
D—Secondary current 
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Figure 7. Circuit for measurement of resist- 

ances in original investigation of the surface 

preparation of aluminum alloys for spot weld- 
ing 


function of the time of immersion in the 
hydrofluoric acid. The contact resistance 
fell from an average of 608 microhms at 
zero time to 226 microhms at five seconds, 
and it reached a minimum of 20 microhms 
at ten seconds, As the treating time was 
increased, the contact resistance increased 
to 49 microhms at 15 seconds, and it 
reached a value of 586 microhms at 30 
seconds. The welds which were made 
immediately following these measure- 
ments were carefully examined. It was 
found that the best welds, with respect to 
uniform shape of the fused zone, were 
obtained at treating times of 10 and 15 
seconds where the contact resistance was 
low. Photomicrographs of typical sec- 
tions through the welds are also shown in 
Figure 8. These welds indicated that, 
when the contact resistance was low, the 
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area, and therefore “he ds ution 


pases that a low contact esi 
desirable for spot welding the 
alloys. Some tapi) results of 


Figure 9. The Jamies ok comiuel 
ance at zero time were the result of he 
initial bridge measurements, and the | 
values at the other intervals after the 

start of the weld were obtained by analy- 
sis of the oscillograms. The correlation — 
between the initial and oscillographic 
measurements indicated that the contact 
resistance measured under static condi- 
tions was essentially the same as the pre- 
vailing contact resistance at the imstant 
when the welding current started to flow. 

Following this experience, the static 

method of measuring contact resistance | 
in a small press was adopted to facilitate . 
further research on the surface prepara- 
tion of aluminum alloys for spot welding. 


UNTREATED AND iespua ey 
PREPARED SHEET 


Contact resistance measurements were 
applied to untreated and wire-brushed 
specimens at an early date. The resist- 
ance between untreated specimens is con- 
sistently high and usually greater than 


~ 0.020" ALCLAD 24ST— 3% HF ACID 
& Sar eo _ 


SHEET-TO-SHEET RESISTANCE IN MICROHMS 
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Figure 8. Surface-treating characteristic and 

photomicrographs showing relation between 

sheet-to-sheet resistance and distribution of 
fusion in weld zone 


ELECTRICAL ENGINEERING 


SHEET-TO-SHEET RESISTANCE IN MICROHMS 


th) 


tet 


ae IN iceiczonan 
AFTER START OF WELD 


Figure 9. Sheet-to-sheet resistance during 
formation of spot weld in an aluminum alloy 


Six per cent hydrofluoric acid, 0.040-inch 
3 Alclad 245-T, four-inch dome tips 

/ Electrode pressure—1,000 pounds 

At T=0, R,=291, R-=244 


1,000 microhms. Between wire-brushed 
specimens the resistance is consistently 
low and of the order of 5 to 25 microhms, 

provided that the surface preparation has 

been thorough. Untreated sheet cannot, 
of course, be satisfactorily spot-welded. 

Very good welds can be made in wire- 

brushed material, but this method of sur- 

face preparation has been largely dis- 
placed by chemical methods. 


DEVELOPMENT OF CHEMICAL METHODS 
OF SURFACE TREATMENT 


At the time of the original experiment 
with hydrofluoric acid, proprietary solu- 
tions were just beginning to appear on the 
market for the surface treatment of 
aluminum alloys for spot welding. No 
time was lost in applying contact-resist- 
ance measurements in an investigation of 
those proprietary solutions and a number 
of purely experimental solutions.® All of 
the effective solutions gave -character- 
istics similar to that shown in Figure 8 for 
hydrofluoric acid, except for the fact that 
they were all less critical with respect to 
time. Furthermore, very good welds 
always were obtained when the contact 
resistance was low, regardless of what 
treating solution was used. The fact 
soon became well established that the con- 
tact resistance between chemically pre- 
pared specimens is primarily a function of 
the time of immersion in the treating 
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TIME OF TREATMENT IN MINUTES 
Figure 10. Surface-treating characteristics for 
the aluminum alloy, Alclad 245-T, in hydro- 
fluosilicic-acid solution at 75 degrees Fahren- 
heit 


Three-per-cent H,SiFs solution, 0.020-inch 
alloy 
—®—WNitrate heat treated 
—ai—Aiir heat treated 


solution. Other factors which may affect 
the resistance are the initial surface condi- 
tion and composition of the alloy being 
treated, and the composition, strength, 
and temperature of the treating solution. 
For any chemical solution that is effective 
for treating a given alloy, there is usually 
a range in immersion time over which the 
contact resistance is consistently low and 
frequently of the order of five to ten 
microhms. Outside this range the resist- 
ance is usually much higher. 

A typical characteristic is shown in 
Figure 10 for the chemical surface treat- 
ment of Alclad 24S-T sheet in one of the 
newer solutions which has proved to be 
very satisfactory and economical, both in 
the laboratory and in production. This 
solution is a result of a research program 
in which contact-resistance measure- 
ments were employed extensively at this 
laboratory.’ It consists of three per cent 
by volume of 28 per cent hydrofluosilicic 
acid, H,SiFs, plus 0.1 per cent by weight 
of the wetting agent, Nacconol NR, in 
water. This solution has many desirable 
characteristics. For example, no heating 
units are required as it operates at room 
temperature. The solution is very sim- 
ple in composition. The time of treat- 
ment is not critical, there being an ample 
range of treating time with little danger 
of overtreatment. The acid is available 
in ample quantities and at low cost. 
There is no health hazard in the use of 
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Figure 11. Graphs showing relationship be- 
tween initial sheet-to-sheet resistance and 
weld shear strength 


Three-per-cent H,SiF,s solution, 75 degrees 
Fahrenheit, 0.020-inch Alclad 245-T, nitrate 
heat treated, capacitor-discharge welder, 
rapidly rising current, 25,000-ampere peak 


this solution, as there are practically no 
vapors evolved, and the solution is not 
ordinarily irritating to the skin. A 
bright smooth finish is obtained on Alclad 
material. The strength of the solution 
may be determined by a simple titration. 
This is an outstanding advantage of the 
solution, since it permits rapid and pre- 
cise control. The solution is effective for 
treating nearly all of the aluminum-alloy 
sheet materials with the possible excep- 
tion of the bare 24S and 6158 alloys. 
Many other laboratories have adopted 
contact-resistance measurements to facili- 
tate the investigation, development, and 
control of surface-treating solutions since 
the original work was reported. Many 
improved solutions now are in use as a 
result. Contact-resistance measurements 
are employed at many aircraft plants to 
control the surface-treating operations in 
production. Furthermore, the latest 
Navy spot-welding specification calls for 
contact-resistance measurements. 


EFFECTS OF CONTACT RESISTANCE 


In spot-welding aluminum alloys the 
relationships between contact resistance 
and the following factors are of consider- 
able interest: 


Size and strength of spot welds. 
Consistency with respect to strength. 
Uniformity with respect to shape. 
Electrode-tip life. 
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TIME OF TREATMENT IN MINUTES 
Figure 12. Graphs showing relationship be- 
tween initial sheet-to-sheet resistance and 
weld shear strength 


0.020-inch Alclad 245-T, nitrate heat treated, 
capacitor-discharge welder, rapidly rising 
current, 25,000-ampere peak 


The relationship between spot-weld 
strength and contact resistance frequently 
is misunderstood. The evidence at the 
Rensselaer laboratory indicates that there 
is no general relationship. This is shown 
by the typical curves in Figure 11 which 
were obtained by keeping all welding con- 
ditions constant except treating time. 
At short treating times, which are not 
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PEAK CURRENT IN KILO-AMPERES 


Figure 13. Typical strength-current charac- 
teristic for spot welds in the aluminum alloy, 


525-1 /2H 


0.040-inch alloy 

Electrode tips—Four-inch R domes 

Electrode force—1,200 pounds (weld), 2,400 
pounds forge 

Forge timing—34 milliseconds 

Average rate of current rise—3,300 amperes 
per millisecond 
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long enough to obtain the minimum con- 
tact resistance, the weld strength tends 
to be proportional to the contact resist- 
ance. At longer treating times the weld 
strength tends to be constant and inde- 
pendent of contact resistance. In other 
words there does not seem to be a sound 
basis for the common idea that the mag- 
nitude of the welding current can be ad- 
justed to compensate for changes in con- 
tact resistance. In Figure 11 the welding 
conditions were selected so as to obtain a 
250-pound weld at the minimum value of 
contact resistance. Similar curves are 
shown in Figure 12 for conditions which 
produced a 200-pound weld between un- 
treated specimens and a dud weld at the 
minimum value of contact resistance. 
Comparison of the latter two figures sug- 
gests that at the short treating times the 
effect of contact resistance on weld 
strength depends upon the average size 
of the welds produced. 

The effect of contact resistance on the 
consistency of spot-weld strength cannot 
be discussed fully without reference to a 
characteristic of weld strength as a func- 
tion of the welding current. A typical 
characteristic is shown in Figure 13 for 
the 52S-1/2H aluminum alloy. The best 
consistency is obtained at points toward 
the upper end of the curve. This is pri- 
marily caused by the fact that at low 
values of current the curve is steep, and 
small variations in current produce large 
changes in weld strength. It is also at 
the lower values of current where varia- 
tions in contact resistance are most likely 
to affect the weld strength. The symbols 


Figure 14A.  Ir- 
regularities in weld 
shape when sheet- 
to-sheet resistance 
is high and incon- 
sistent 


Figure 14B. Uni- 
formity of weld 
shape when sheet- 
to-sheet resistance is 
consistently low 
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used for plotting the curve in Figure 13 
indicate that consistent and sound welds 
were obtained between 35 and 40 kilo- 
amperes. Below 33 kiloamperes the 
welds were very inconsistent. Above 42 
kiloamperes the welds were consistent, 
but expulsion of molten metal and exces- 
sive sheet separation were observed. It 
may be said, therefore, that the point of 
operation on the strength—current charac- 
teristic is a much more important factor 
than contact resistance in determining 
the consistency of spot welds with respect . 
to strength. Surprisingly good consist- 
ency can be obtained by welding speci- 
mens with untreated faying surfaces, 
provided that this principle is observed 
The effect of contact resistance on the 
shape of the spot welds was the only 
effect observed in the original experiment 
described. This effect has been con- 
firmed many times in later work. The 
welds are always round and uniform in 
shape when the contact resistance is near 
its minimum value. The welds become 
very irregular in shape when the contact 
resistance is high as a result of too short a 
treating time. The effect of a high con- 
tact resistance as a result of too long a 
treating time depends upon the nature of 
the treating solution. There is a tend- 
ency for the welds to become irregular in 
shape with all solutions under this condi- 
tion, but the effect is much more pro- 
nounced with some. solutions than with 
others. This effect is illustrated by the 


spot-weld fractures shown in Figure 14. 
For another example the reader is referred 
back to Figure 8 and the discussion 
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thereof. It should be pointed out that the 
actual shape of spot welds in aluminum 


_ alloys may have little effect on their shear 


strength and their consistency with re- 
spect to shear strength. It is only when 
variations in surface condition influence 
the size of the weld that the shear strength 
is affected. 

_ The spot welding of aluminum alloys is 
characterized by comparatively rapid 
fouling of the electrode tips with alumi- 
num and the necessity for frequent clean- 
ing of the tips. Perhaps the most im- 
portant effect of contact resistance is on 
electrode-tip life or the number of welds 
which can be made per cleaning. It is 
difficult to obtain conclusive and quanti- 
tative data on this relationship, because 
there are so many variables which affect 
tip life. However, there are many indi- 
cations that the best tip life is obtained 
when the contact resistance is near the 
minimum value for the material being 
welded. The effect of any variable on 
tip life is best observed under actual pro- 
duction conditions. Unfortunately, it is 
under such conditions that the effect of 
the variable under observation may be 
obscured by the effects of other variables 
which may not be controlled adequately 
or even recognized. 


CONTACT RESISTANCE BETWEEN 
ELECTRODES AND SHEET 


The emphasis in the work at the Rens- 
selaer laboratory has been on the sheet- 
to-sheet resistance. This has been a re- 
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Figure 15. Dynamic resistance and instan- 

taneous power characteristics of two spot welds 

made under identical conditions but exhibit- 

ing widely different shear strengths 


0.040-inch Alclad 245-T 
~O- §=505 pounds, R,=five microhms 
—O-— §=140 pounds, R,=four microhms 
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sult of the fact that in the original work 
the sheet-to-sheet resistance was found to 
be more sensitive than the electrode-to- 
sheet resistance with respect to changes in 
surface condition of the specimens. The 
electrode-to-sheet resistance deserves fur- 
ther study. A British investigator has 
gone so far as to say that the electrode-to- 
sheet resistance must not exceed a speci- 
fied value if rapid fouling of the electrode 
tips is to be avoided.® 


MEASUREMENTS OF INSTANTANEOUS 
POWER 


The oscillograms which are used for 
determining the dynamic resistance char- 
acteristics also may be analyzed in terms 
of instantaneous power at the sheet-to- 
sheet and electrode-to-sheet contacts. A 
plot of the resistance, power, and current 
characteristics of two spot welds in Alclad 
24S-T is shown in Figure 15. The oscil- 
lograms for these two particular welds 
were chosen for complete analysis, be- 
cause one weld exhibited a shear strength 
of 505 pounds, whereas the other weld, 
made under identical conditions, exhibited 
a strength of only 140 pounds. It will be 
noted that the resistance characteristics 
and current wave forms for the two welds 
were practically identical. The only 
difference is in the peak power at the 
sheet-to-sheet contact. Whether this 
was responsible for the extreme difference 
in strength is questionable. A similar 
plot is shown in Figure 16 for two welds 
which started with different values of 
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Figure 16. Dynamic resistance and instan- 

taneous power characteristics of two spot welds 

illustrating an inverse relationship between 

initial sheet-to-sheet resistance and weld shear 
strength 


0.020-inch Alclad 245-T 
-O- Nitrate treated, 5=240 pounds, R,=6 
-o- Air treated, S=160 pounds, R, =90 
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Figure 17. Dynamic resistance character- 

istics illustrating effect of method of drying 

chemically treated specimens of the aluminum 
alloy, R-301-T (compare with Figure 18) 


0.064-inch alloy, three-per-cent H,SiF.; solu- 
tion, wiped dry 


sheet-to-sheet resistance and ended up by 
exhibiting a marked difference in shear 
strength. It should be noted that the 
weld which started with the higher initial 
sheet-to-sheet resistance produced the 
lower strength, in spite of the fact that 
the welding current and other recognized 
conditions were identical for the two 
welds. This is contrary to what might 
have been predicted and is further evi- 
dence that there is no sound basis for ad- 
justing the magnitude of the current to 
compensate for differences in initial con- 
tact resistance. The phase relation of 
the power curves for the sheet-to-sheet 
contact should be noted in Figure 16. 
This difference in phase is believed to 
have been a result of the difference in 
initial contact resistance and to have been 
responsible for the difference in weld 
strengths, These cases are presented to 
illustrate the complex nature of the rela- 
tionship between contact resistance and 
weld strength in working with the alumi- 
num alloys. 


UNuSUAL ConTAcTt PHENOMENA 


Several very interesting contact phe- 
nomena have been observed in this work. 
For example, the method of drying alumi- 
num-alloy specimens following their 
chemical surface preparation affects the 
sheet-to-sheet resistance. This was first 
observed in spot-welding the new alumi- 
num alloy, R-301-T. A typical dynamic 
resistance characteristic is shown in Fig- 
ure 17 for specimens which were dried by 
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Figure 18. Dynamic resistance character- 
istics illustrating effect of method of drying 
chemically treated specimens of the aluminum 

alloy, R-301-T (compare with Figure 17) ° 


0.064-inch alloy, three-per-cent H,SiF, solu- 
tion, air dried 


wiping with a clean cloth. The irregu- 
larity in the sheet-to-sheet resistance 
curve should be noted. When the speci- 
mens were allowed to dry in clean air, the 
corresponding characteristics assumed 
quite a different shape, as shown in Figure 
18. It should be noted also that the 
initial resistance was considerably lower 
when the specimens were dried in air. 
The effect of method of drying on the con- 
tact resistance of Alclad 24.S-T sheet was 
next investigated. The results are illus- 
trated by the surface-treating character- 
istics shown in Figure 19. Wiping 
raised the general level of the treating 
characteristic, and it tended to make the 
measurements erratic. This effect is not 
too important in production, because at 
most plants air drying is employed. The 
phenomenon is mentioned here, because it 
illustrates the great importance of de- 
tails in the technique of preparing speci- 
mens for contact-resistance measure- 
ments. 

Another interesting phenomenon is 
that of the effect of direction of current 
flow in determining which electrode will 
tend to become fouled with aluminum, 
In some spot welders of the condenser- 
discharge type the welding current always 
passes in the same direction. In these 
machines there is a definite tendency for 
aluminum to adhere to the electrode 
which is positive with respect to the work, 
provided that the welding conditions are 
allreasonably good. The same tendency 
has also been observed in a-c spot welding 
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with equipment in which the first half 


cycle of current always passes in the same 
direction. In this case the aluminum 


tends to adhere to the electrode, which is — 
‘positive during the first half cycle. It 


was thought that the cause of this might 
be revealed by comparing dynamic resist- 
ance characteristics for the positive elec- 
trode-to-sheet contact with similar char- 
acteristics for the negative electrode-to- 
sheet contact. However, nothing has 
been apparent in the experimental results 
to date, as shown by the resistance curves 
in Figures 15 and 16. The effect is much 
more pronounced in spot-welding the 
magnesium alloys, as will be shown later. 


Contact Resistance and the Spot 
Welding of Other Metals 


MAGNESIUM ALLOYS 


The magnesium alloys are very similar 
to the aluminum alloys with respect to 
their surface preparation for spot weld- 
ing. Up to recent times no chemical 
methods were available for the surface 
treatment of magnesium alloys for this 
purpose. Contact-resistance measure- 
ments have played an extremely impor- 
tant part in the recent development of 
chemical solutions for this purpose. In 
several respects contact resistance is even 
more important in spot-welding the mag- 
nesium alloys than in spot-welding the 
aluminum alloys. For example, there is 
much more positive evidence that fouling 
of the electrode tips with magnesium is 
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TIME OF TREATMENT IN MINUTES 


Figure 19. Surface-treating characteristics 
illustrating effect of method of drying chemi- 
cally treated specimens of the aluminum alloy, 


Alclad 24S-T 


0.020-inch alloy, air heat treated, three-per- 
cent H,SiFs solution at 70 degrees Fahrenheit 
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trodes is also much more pronounced. Pe 


Furthermore, it is evident in the « ynamic 
resistance characteristics for the elec- 
trode-to-sheet contacts. 


positive or upper electrode-to-sheet con- 
tact should be noted. The effect of this 


irregularity in terms of power is shown in 


Figure 21. It is evident that much more 
heat is developed at the positive elec- 
trode-to-sheet contact than at the nega- 
tive contact. This is responsible for the 
rapid fouling of the positive electrode and 
the displacement of the weld in the sheets 
toward that electrode. When the flow of 
welding current is reversed, the same 
irregularity occurs in the characteristic 
for the positive or lower electrode-to-sheet 
contact. 


STEEL 


In spot-welding steel it is usually taken 
for granted that the metal must be clean 
and free from oxide scale if high quality 
welds are to be obtained. This is essen- 
tially a matter of contact resistance, but 
it has seldom been treated as such. Steel 
was the chief material used in the first in- 
vestigations of contact resistance in spot 
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Figure 20. Dynamic resistance characteristics 
illustrating effect of direction of current flow in 
spot-welding the magnesium alloy, AM3S-O 


0.040-inch alloy, chemically cleaned, tip con- 
dition clean 

A—Sheet to sheet 

B—Current 

C—Upper electrode to sheet (positive) 

D—Lower electrode to sheet (negative) 
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A set of typical : 
characteristics is shown in Figure 20. 
The irregularity in the curve for the — 
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Figure 21. Instantaneous power character- 
istics illustrating effect of direction of current 


% flow in spot-welding the magnesium alloy, 


AM3S-O 
: 0.040-inch alloy, chemically cleaned, tip con- 
a dition clean 
. 
_ A—Sheet to sheet : 


B—Upper electrode to sheet (positive) 
C—Lower electrode to sheet (negative) 


> D—Time to peak current 


welding. A good start was made in those 
investigations, but even yet very little is 
known about the fundamental importance 
of contact resistance in the formation of 
the weld. It is evident, however, that 
the body resistance of the metal is a more 
important factor in the spot welding of 
steel than in the spot welding of the light 
metals. Ina number of instances trouble 
has been experienced in spot-welding cer- 
tain steels which have been identical in 
composition and structure to other steels 
which have been easily spot-welded. The 
trouble is believed to have arisen from a 
difference in surface condition which could 
have been detected by contact-resistance 
measurements. 


COPPER ALLOYS 


Practically nothing is known about con- 
tact resistance and the spot welding of the 
copper alloys. However, much trouble 
has been experienced due to contact phe- 
nomena in spot-welding a brass with a 
high zine content. The zinc tends to 
migrate rapidly from the work into the 
copper electrodes. As a result the resis- 
tivity of the electrodes is increased, and 
the amount of heat generated at the elec- 
trode-to-sheet contacts increases with 
each successive weld. These phenomena 
may or may not be related to the surface 
condition of the sheet. The effect would 
certainly be aggravated by a surface con- 
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dition that is characterized by a high con- 
_ tact resistance. Thus, it appears desir- 


able to apply contact-resistance measure- 
ments in any future investigations of the 
spot welding of the copper alloys. 


NICKEL ALLOYS 


Nickel-alloy sheet can be obtained with 
a surface condition that is very well suited 
to spot welding. However, there are in- 
stances where trouble is experienced be- 
cause of the migration of nickel into the 
copper electrodes. Contact-resistance 
measurements might show that this effect 
is related to a surface condition that might 
beimproved. Such measurements should 
not be overlooked whenever there is any 
evidence that surface condition is causing 
trouble in spot-welding these alloys. 


Research Problems 


There are many opportunities for fur- 
ther research in this field. For example, 
the fundamental relationship between 
contact resistance and the surface condi- 
tion of the metals in contact should be in- 
vestigated. Electron-diffraction studies 
should be’ employed to determine the 
presence and identification of surface 
films. Surface profilometers should be 
employed to evaluate the degree of sur- 
face roughness. Surface hardness should 
be determined by suitable instruments. 
The ultimate objective of the work would 
be to learn how contact resistance is 
affected by these three factors: surface 
films, surface profile, and surface hard- 
ness. Contacts between both similar 
and dissimilar metals should be studied. 

In spot-welding a number of alloys 
there is a strong tendency for the elec- 
trodes to pick up or become fouled with 
metal from the work. A fundamental in- 
vestigation is needed of the transfer of 
metal across contacts between dissimilar 
metals under the conditions imposed by 
spot welding. The objective of the work 
would be to learn how the transfer of 
metal is affected by such factors as com- 
position and structure of the copper-alloy 
electrodes, surface condition of the metals 
in contact, current density, electrode 
force, and temperature at the contact. 
The contact problem in spot welding dif- 
fers from other electric contact problems 
with respect to current density, nature of 
metals in contact, and the fact that the 
circuit is always dead when the contact is 
made or broken. The current density 
may easily reach a value of the order of 
5,000,000 amperes per square'inch. The 
contact combinations include copper to 
aluminum, copper to magnesium, copper 
to zinc, and sometimes copper to nickel. 
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The contact never is required to conduct 
current unless the pressure density is 
within the range from about 5,000 to 
50,000 pounds per square inch. | 

Knowledge of the fundamental part 
that contact resistance plays in the forma- 
tion of a spot weld in any material, still is 
too limited. The investigations of this 
subject, which were interrupted by the 
war, should be revived as soon as circum- 
stances permit. Contact-resistance meas- 
urements have proved to be of great 
value in investigations of the spot welding 
of the light metals. The use of such 
measurements should be extended to in- 
vestigations of the spot welding of steels, 
copper alloys, and nickel alloys. 
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Synopsis: On asynchronous or start-stop 
telegraph circuits of extended length it fre- 
quently becomes necessary to insert at re- 
peater points signal regenerative devices to 
reduce the cumulative effects of fortuitous 
distortion. Regeneration is a process of 
signal scanning by a succession of accu- 
rately timed impulses whose phase is as 
nearly as possible independent of the phase 
variations of the signal impulses. In one 
form of a mechanical regenerator, reception 
of a start signal transition permits the en- 
gagement of a brush arm with a continu- 
ously rotating constant-speed shaft. The 
signal polarity then is determined at the 
instant of contact of the brush with commu- 
tator segments that are short in comparison 
with the signal period. Following retrans- 
mission of the signal the brush arm is dis- 
engaged from the shaft and held on a stop 
to await the arrival of the start transition 
of a second character. Mechanical re- 
generators have been developed to a high 
level of performance, accompanied by some 
complexity and the need for skillful mainte- 
nance. This paper describes an electric 
signal regenerator utilizing the time of delay 
of a recurrent filter network to generate the 
scanning impulses, which together with the 
electrical equivalents of the start and stop 
functions provide a regenerative repeater 
without mechanism. The composition of 
an illustrative teleprinter signal character 
and its peculiar susceptibility to interfering 
line currents is discussed. The develop- 
ment and the electric characteristics of the 
delay network are described, and an expla- 
nation of the regeneration of the signal 
character by the device is given. 


N UNDERSTANDING of the oper- 
ation of the electronic signal regen- 
erator will be facilitated by a review of 
the principles of start-stop signaling and 
of one electromechanical device now used 
to decrease the fortuitous distortion on 
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long circuits. Start-stop signals are 
semisynchronous; sufficiently good ex- 
actness of phase between the sending and 
receiving machines is maintained only for 
the time of duration of a single character 
after which a rest period must be provided 
to permit the entire system to come to a 
stop in preparation for the next character. 
Teleprinter signaling is thus differentiated 
from the synchronous systems, such as 
the multiplex, where each signal transi- 
tion contributes to the continuous main- 
tenance of exact phase. 

The code containing the intelligence to 
be transmitted is common to both systems 
and consists of the various combinations 
of five unit length impulses of either spac- 
ing or marking polarity of the sending 
battery. In a synchronous system these 
arrive without interruption and are 
separated into groups of five units by a 
synchronized commutator. In ‘an asyn- 
chronous system it is insufficient to trans- 


mit the five unit groups in isolated bursts - 


followed by a rest period, for in some 


characters the first intelligence impulse is - 


of the same polarity as the rest interval. 
The additional impulse required to initiate 
operation of the receiving device is cre- 
ated by a signal transition from the rest 
condition potential to the opposite pole 
and precedes the five intelligence im- 
pulses. Neither the rest nor this start 
impulse can be made shorter than unit 
length, if transmission on long lines is not 
to be impaired. 

Though the start or synchronizing 
transition of the polar teleprinter signal 
is not inherently susceptible to the influ- 
ence of random interfering line currents, 
phase shift of this transition is doubly 
damaging on a teleprinter circuit, as the 
selecting mechanism of the receiving 
printer is set in motion by the start signal 
and not by the phase of the average signal 
as in the synchronous systems. A 
transient disturbing current that advances 

e 
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ference level is the limiting factor in cir- 
cuit operation, the teleprinter system re- 4 
quires just as careful engineering atten- 
tion as a synchronous system of twice the 
transmission speed. 

If. fortuitous distortion is present in 
each of the separate lines of a long zie 
printer circuit, the effects are accumula- 
tive when the lines are coupled by simple 
relays. Before the shifting in time: of the 
signal transitions becomes sufficient to 
impair accuracy of service, signal regener- 
ators are inserted at one or more of the re- 
peater points. The basis of regeneration 
is a process of signal scanning by accu- 
rately timed impulses that are indepen- 
dent of the variations in arrival time of 
the signalimpulses. From these observa- 
tions made in the vicinity of the center of 
each impulse a new signal is created and 
retransmitted free of fortuitous distor- 
tion. 


Mechanical Regeneration 


The theory of a mechanical start-stop 
signal regenerator is shown in Figure 1. 
The system is at rest having completed 
the regeneration of the letter F. When 
released by their latches, the brush arms 
are rotated by the friction drives CC on 
the continuously rotating constant-speed 
shafts. Upon reception of a start-signal 
transition, the receiving-relay armature 
moves to the spacing contact S, energizing 
the start magnet SM-1 through the outer 
pair of brushes and releasing the brush 
arm on the receiving commutator shaft. 
As this arm moves counterclockwise, the 
signal polarity appearing on the tongue 
of the receiving relay is set up periodically 
on the selecting relay through connection 
to the shorter pickup segments. Immedi- 
ately following signal selection the longer 
segments successively connect the select- 
ing relay armature to the coils of the five 
storing relays. These relays firmly bank 
in the selected position. Only the in- 
telligence impulses are scanned. If the 
speed of rotation of the brush arm is 
approximately that of the distant trans- 
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marking contact, corresponding to the 
rest polarity, when the arm reaches the 
latch at the end of one revolution, and it 
will again come to rest. 

At some time before the brush arm com- 
pletes its revolution, a second pair of 
brushes is arranged to complete the ener- 


 gizing circuit of the unlatching magnet 


_SM-2 to release the sending commutator 
brush arm. The latter continues to send 
the rest polarity momentarily until it 
passes over the segment S permanently 


connected to spacing telegraph battery to 


y- 
4 
z 


_ 
; 
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inject the start-signal impulse that must 
always precede the intelligence group. 
Further rotation of the arm connects the 
storing relays to the outgoing line in cor- 
tect sequence and time of duration and 
entirely removed from the influence of the 
receiving relay. In circuit regulating a 
teleprinter is connected to the output of 
the sending commutator while a prear- 
ranged test signal is being received and 
the receiving commutator oriented until 
limits on the range scale are found within 
which the retransmitted signals are cor- 
rect. The center of this angle or range is 
the center of the average of all the intelli- 
gence impulses; correct signal selection is 
most probable with this angular position 
of the scanning segments. This adjust- 
ment also compensates for the time inter- 
val required to accelerate the brush to 
shaft speed and for any change in clutch 
operation that may have previously 
occurred. 


Theory of the mechanical tele- 
printer signal regenerator 


Figure 1. 
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The Timing Network 


Perhaps the most interesting problem 
in the development of the electronic re- 
generator was the choice of a scanning- 
impulse generator. Two rather incom- 
patible requirements are presented. To 
insure good signal quality it is desirable 
that the timing of these impulses be of 
such an order that the last scanning im- 
pulse in any train shall not deviate from a 
standard time taken with the start-signal 
transition as the origin by more than one 


half of one per cent. Following.the pro- 
duction of a single train of impulsessthe 
generator must come to rest immediate 


if a retardation in the generation of'a sec- 
ond train is not to result. And, being 
part of a start-stop system, the generator 
always must come up to speed, as it were, 
regardless of the time that it may have 
been at rest. Simple oscillators of the 
specified frequency stability do not lend 
themselves to this purpose because of the 
transients which cushion the change from 
test to steady state and vice versa. How- 
ever, the resonance phenomena that give 
the oscillator frequency stability may be 
retained in ‘certain reactive filter net- 
works, and in particular the uniform re- 
current ladder structure, without the 
troublesome transient effects. With cor- 
rect configuration these structures will 
provide time of delay between the mesh 
junctions dependent upon the choice of 
the network parameters, and, if a connec- 
tion is effected between the junctions and 
electronic relays arranged to scan the re- 
ceived signal impulses, the rate of trans- 
mission of the regenerated signal will be a 
function of these time intervals. 


OUTGOING LINE 


SENOING 
COMMUTATOR 


FRICTION ORIVE C C 
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For this application the network should 
not exhibit frequency discrimination. It 
should pass all frequency components in 
the driving force with a constant time of 
delay. Then the arrival curve will pos- 
sess infinite slope (zero time of build up), 
and the triggering of the vacuum-tube 
relays connected to the network junctions 
will occur precisely at times determined 
only by the reactive components of the 
network and independent of the regula- 
tion of the power-supply voltage. 


In general the attenuation and time of 
delay of reactive networks are not in- 
variant with frequency. The mid-shunt 
or pi section of the familiar low-pass filter 
composed of a series inductance and shunt 
capacities will discriminate somewhat 
against frequencies even below cutoff, and 
the phase characteristic is so concave that 
frequencies near the cutoff are delayed 
considerably more than components ap- 
proaching zero. Either frequency or de- 
lay distortion in the filter will act to de- 
crease the slope of the transient response 
or arrival curve, and experiment soon con- 
firmed the necessity for correcting the 
natural behavior of the network. Equal- 
ization with additional network com- 
ponents was objectionable because of the 
increased cost and space requirements, 
so attention was given to improving the 
inherent frequency characteristics of the 
delay-network sections. The-steps lead- 
ing to a section having a satisfactory 
transient response are shown in Figure 2. 


The actual coils had ferromagnetic 
cores and a Q of 20 at 45 cycles per second. 
With this Q the effects of dissipation are 
not excessive, and the output voltage at 
the terminating resistance is more than 
half that of the driving force. For com- 
parison the total inductance and total 
capacity in each of the four cases calcu- 
lated were held constant. The loci of the 
short- and open-circuit reactances were 
first computed and the square root of their 
product, the characteristic impedance Z, * 
plotted immediately below. In the de- 
termination of the frequency response 
only one section of each type was con- 
sidered. The section was assumed to be 
driven by a harmonic generator having an 
internal resistance equal in ohms to the 


’ nominal value of the characteristic im- 


pedance of the network and to be simi- 
larly terminated. This is the situation in 
the regenerator, except that several sec- 
tions are in cascade. The frequency re- 
sponse Y is the locus of the JR drop across 
the terminating resistance versus fre- 
quency and is an admittance function. 
The time of delay has been plotted di- 
rectly below the transfer admittance, and 
at the origin this time in seconds is the 
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Frequency characteristics of delay 
network sections 


Figure 2. 


square root of the oscillation constant, 
LC. With each increase in frequency the 
delay was obtained as the quotient of the 
angle of current lag in radians and the 
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angular frequency w. In all the loci hay- 
ing the angular frequency as abscissas the 
ordinate w,, the theoretical cutoff fre- 
quency of section I has been drawn in for 
reference. 

The transient response at the resistive 
termination of a cascade of six sections is 
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shown at the bottom of Figure 2. These 
are reproductions of oscillograms. The 
rectangular driving voltage is E,. There 
has been no opportunity to confirm ex- 
perimentally the transient response of 
section IV, and the dotted curve is only a 
prediction of its form. 
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at Returning to the first filter studied, sec- 


tion I, an inspection shows that as long as 


_ the short- and open-circuit reactances are 


of opposite sign, the characteristic imped- 
ance, the impedance that would be seen 
looking into an infinite number of such 


' sections in cascade, is a pure real quantity 


and has the appearance of a rapidly in- 
creasing resistance with frequency up to 
the cutoff point. In this range the net- 
work will absorb power from the gener- 
ator and transfer this power to the resist- 
ance termination. Beyond the cutoff 
frequency the reactances are of like sign, 
the impedance becomes an imaginary 
quantity decreasing with frequency, and 
the power transmitted by the filter falls 
off rapidly. In the transmission range 
between zero and the cutoff frequency 
where the attenuation is low, the delay 
distortion is of particular interest, for in 
this region it has the major effect on the 
transient response. As the frequency of 
the driving force is increased, the delay is 
not constant but increases to a maximum 
at the cutoff frequency. In a section 
having a nominal time of delay of 22 
milliseconds, for example, the cutoff fre- 
quency is 14.3 cycles, and components in 
this vicinity will be so delayed as to 
atrive nearly 180 degrees out of phase 
with respect to the components of the 
wave near zero. Beyond the cutoff fre- 
quency the delay time is of less interest, 
for the components beyond this point are 
so attenuated as to contribute very little 
to the slope of the arrival curve anyway. 
Because of this variation in transmission 
time the slope of the transient response 
continuously changes, being initially low 
as the low-frequency groups arrive first 
and only attaining maximum steepness 
after crossing the zero axis as the fre- 
quencies in the vicinity of cutoff finally 
make their appearance. This form of re- 
sponse is not ideal for the operation of de- 
vices responsive to the magnitude of the 
driving voltage, and it was recognized as 
similar to the arrival curve.of a loaded 
submarine telegraph cable. Here in the 
receiving network a mid-series or T sec- 
tion with mutual coupling between the 
coil arms is used as a distortion equalizer, 
and so similar sections as in section II at 
first were alternated with the pi sections 
with considerable success. 

Because the characteristic impedance 
of section II is real and constant, the filter 
transmits power without discrimination 
at all frequencies from zero to infinity. 
Its phase characteristic, however, is con- 
vex and opposite to the concave charac- 
teristic of its alternate, the pi section. 
The slope of the phase characteristic, the 
delay time, is a decreasing function of fre- 
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quency. A network composed of these 
sections alone is just as unsatisfactory as 
the mid-shunt section, because now the 


_ low frequencies are the last to contribute 
to the arrival curve, and the higher fre- 


quencies arrive early, with those approach- 
ing infinity having no delay at all. Alter- 
nation of the two types doubled the num- 
ber of coils in the complete delay network. 


If a center tap on the coil of the pi sec- 
tion is connected to a portion of the total 
shunt capacity, the new filter, section III, 
will be found to have a response equiva- 
lent to the alternate arrangement of sec- 
tions and II. From an inspection of the 
characteristics we find that the pole of the 
characteristic impedance has moved to a 
somewhat higher frequency and that the 
impedance locus is more nearly constant 
over a wider range of frequencies prior to 
the cutoff frequency. Consequently 
there is less loss in the transmission range 
because of increased coincidence with the 
terminating resistances. Of equal im- 
portance is the less rapid decline in the 
transfer admittance beyond the cutoff 
frequency of the pi section. The im- 
provement:in the locus of time delay is 
most prominent. Up to the new critical 
frequency the delay is constant, as the 
opposite characteristics of the combined 
filters mutually compensate, and the 
ultimate decrease is at a lower rate than 
either alone. This region beyond the 
cutoff is now of real importance, as the 
lessattenuated higher frequencies are pres- 
ent in the transient response in more 
nearly correct phase with the lows and 
can contribute to its steepness. The 
transient response is the result of the 
synthesis of a wider band of frequencies 
of nearly simultaneous arrival time, so 
that its time of build up is a minimum, 
and it is symmetrically located about the 
zero-voltage axis. This is the configura- 
tion used in the timing network of the 
electronic regenerator. 


The network contains a minimum 
number of coils, and the timing of the 
individual sections may be adjusted easily 
in a step-by-step refinement of the 
nominal capacity values without disturb- 
ing the timing of the preceding sections. 
With trigger tubes that will operate on a 
voltage swing one third that available at 
the terminating resistance, the variation 
in their operating time is well within the 
prescribed limits for a ten-per-cent 
change in the power-supply voltage and 
the ambient-temperature range ordi- 
narily encountered. The precision of 
operation is comparable to that of a well- 
machined commutator with a synchro- 
nous motor-driven brush arm, The actual 
network consisted of six sections, each 
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having a coil of 72 henrys and a total 
shunt capacity of 6.7 microfarads, pre- 
ceded by a seventh section of half the 
delay. The time of delay of each larger 
section is 22 milliseconds; very closely 
the time length of a single teleprinter sig- 
nal impulse. As measured at the termi- 
nating resistance, the time of build up was 
40 milliseconds, which becomes less at 
junctions nearer the input terminals. 
The network occupies a space of approx- 
imately one cubic foot. 


One might theorize as to the response 
of a section similar to III in which the 
total shunt capacity is still further sub- 
divided into a not impractical number of 
paths. Improvement would be evidenced 
by an increase in the steepness of the 
transient response. To confirm this 
speculation the frequency characteristics 
of such a filter, section IV, in Figure 2, 
were calculated. In the locus of the 
characteristic impedance Z, the critical 
frequency has moved still farther to the 


right, and the real part of the impedance 


is more flat for a wider range of frequen- 
cies. Consequently both frequency char- 
acteristics are improved. Although the 
time of delay is somewhat more constant 
than that of section III the greater im- 
provement appears in the frequency re- 
sponse, Y, which is noticeably more con- 
stant. 


In this paper the time of build up of the 
transient response has been assumed to 
be the time interval between the inter- 
section of the timing wave with a pro- 
longation of the steady-state levels before 
and after its occurrence. In filter sec- 
tions having nearly constant time of de- 
lay, so that all components arrive in cor- 
rect phase, the time of build up will be in- 
versely proportional to the band width. 
Neither section III, nor particularly sec- 
tion IV, can be said to have definite fre- 
quencies of cutoff limiting the band width. 
However, when it is recalled that after all 
the low frequencies furnish the bulk of the 
wave, it is interesting to establish arbi- 
trarily such a limit for the three sections 
at a frequency 2.5 times the cutoff fre- 
quency of section I and to then compare 
the relation between the areas under the 
admittance loci and the times of build up. 
The inverse ratio of the areas of section 
III and section I is 0.74, a rather close 
agreement with the experimentally deter- 
mined times of build up of 40 and 55 
milliseconds respectively for timing net 
works composed of such sections alone. 
In like manner the inverse ratio of the 
areas under the Y loci of sections IV and 
III is 0.85, so that the predicted time of 
build up for section IV becomes 85 per 
cent of 40, or 34 milliseconds. 
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approach to the ideal section of constant 
attenuation and constant time of delay. 


The Electronic Regenerator 
_ The theory of the electronic teleprinter 
signal regenerator with a timing network 
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of type-III delay sections is shown in 
Figure 3. The relays and regenerative 
circuits are in the rest condition. A 
series of voltages occurring in the system 
for the regeneration of the letter F is 
shown in the lower part of the figure. 
While the times ¢,, 4, and so on, represent 
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oo Figure 3. Theory 
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sistors form a bridge circuit the diagonal 
of which is the impedance presented by 
the input terminals of the timing net- 
work. The plate circuits of the other 
low-power tube, pair 4, are thé differ- 
entially wound coils of the sending relay. 
Telegraph battery potential is connected 
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a Aa the sable sie d, 
mentary displacement of t ari 
occurs, the potential _— rte to 
will instantly reverse. This rela cha 
teristic will convert — any general input 
wave form in the grid» circuit above | ; 

definite minimum to a rectangular ol 
wave of constant amplitude. 


The nominal characteristic impedance A 
of the timing network is equal to the 1 
sistance looking back into the bridge ci 
cuit of tube 2. Except for the first sec- 
tion of the network, which has half the 
delay of any one of the following six, each — 
section has a time delay (t= VLC) 
equal to the time of duration of an undis- 
torted signal impulse, or 21.98 millisec- 
onds. Each inductor consists of two 
identical windings on a single silicon steel 
core so disposed that the cathode returns 
of the six scanning-impulse generators — 
and the rest-interpolating tube are equi- 
potential with a horizontal plane bisecting 
the network. A reversal of the network 
input potential appears across the junc- 
tion S eleven milliseconds later and at 
the termination R, in a total elapsed time 
of 143 milliseconds. 


Regeneration is begun by movement of 
the receiving-relay armature to the relay- 
spacing contact in response to the start 
impulse of a teleprinter character. As 
directed by the latch tube, a single re- 
versal of potential is applied to the timing 
network by its driving tubes. With pro- 
gression of the timing wave from junction 
to junction a series of six pickup impulses 
are generated successively activating the 
pickup tube scanning the incoming signal. 
The observed polarity of each signal im- 
pulse is at once transferred to the sending- 
relay drive tubes through the mixing net- 
work. Twenty-two milliseconds after 
the selection of the fifth intelligence im- 
pulse the timing-wave reversal appears 
across the resistance termination and trig- 
gers the R tube to interpolate an impulse 
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- of the rest polarity in the mixing network 


and simultaneously to make the latch 
tube again receptive to any future start 
signal. 

A more detailed description must begin 
with an examination of the circuit condi- 


‘tions with the regenerator at rest. Now 


the receiving-relay armature is held on its 
negative contact by the marking line cur- 


rent received, and negative battery is 


applied to the center tap of the trans- 
A second circuit from the 


coming-signal voltage EH, in the grid cir- 


- cuit of the deenergized pickup tubes. As 


indicated by the small arrows adjacent to 
the tube elements, all trigger tubes are 
banked in the direction last operated; a 
condition that will be reversed after the 
regeneration of a complete character. 


A constant current from positive bat- 
tery flows through the external plate re- 
sistor associated with the upper tube of 
the driving pair to the right and along the 
upper windings of the inductors to the 
terminating resistance R,. This current 


_ returns to negative battery through the 


lower windings and the lower and con- 
ducting drive tube. By reversing every 
other pair of wires connecting the scan- 
ning-impulse generators to the network 
junctions, these tubes are banked in alter- 
nate directions, and the sum of their 
plate currents entering the center tap of 
the primary of 7-2 is divided equally be- 
tween the winding halves. Consequently 
as the scanning-impulse generators are 
triggered successively, the differential 
primary current never exceeds unit 
amplitude, and hysteresis effects in the 
core material are minimized. 


Just as a similarity will be recognized in 
the function of the latch tube and the 
brush-arm release mechanism of the 
mechanical distributor, so are the R-tube 
functions equivalent to the R segment on 
the sending commutator and the two 
paired segments on the outer rings of the 
receiving commutator which permit the 
start magnet circuit to be energized only 
after a complete revolution of the brush 
arm. If the upper R tube is conductive, 
the plate of the nonconducting lower tube 
will be at a very high positive potential 
and will by direct connection correspond- 
ingly elevate the grid of the lower latch 
tube. Upon reception of a teleprinter 
signal the center tap of 7-1 is at once 
made positive as the receiving-relay arma- 
ture contacts its spacing stop. Under 
the conditions established, however, a 
charging current to only the lower-resist- 
ance shunted condenser flows in the lower 
half of the primary winding of 7-1. The 
transient secondary voltage is #;. In the 
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course of reception of the incoming signals 
negative potential is at times applied to 
the center of 7-1, and in these intervals 
the condenser charge is dissipated in the 
shunting resistance. If correctly poled 
the transient E, causes tube 1 to trigger, 
reversing tube 2 and the potential across 
the timing network. Subsequent im- 
pulses of like polarity in Z, may occur in 
the reception, two more are present in the 
letter F, but the initial impulse alone is of 
importance. 

Although the continuity of the descrip- 
tion perhaps is interrupted, an interesting 
operating condition now may be de- 
scribed. This occurs when either the west 
line is opened or, if in circuit, regulating, 
the west transmitter sends steady spacing 
battery. In either case the marking bat- 
tery applied to the apex of the west du- 
plex line at the regenerator station causes 
a current to flow in the artificial line 
winding of the receiving relay, which 
holds the armature on the spacing contact 
and so applies positive battery to the mid- 
point of 7-1. Now upon the arrival of 
the first timing wave at R, the conduc- 
tivity of the latch tubes is interchanged 
while their plate circuits are energized 
positively and a starting impulse of local 
origin is created in £;. A second timing 
wave is set up, and the process becomes 
continuous. A characteristic recurrent 
signal of six-unit length impulses of spac- 
ing polarity followed by a half-unit length 
marking impulse is transmitted to the 
east line; a signal that is easily inter- 
preted by the distant east receiver as an 
open line west of a regenerative repeater. 

Returning to the description, the R 
tube is also the circuit element that re- 
stores the sending relay to its marking 
contact after the transmission of the in- 
telligence impulses. A reversal of the R 
tube in either direction produces a tran- 
sient voltage in the secondary of 7-3. 
These are introduced at the right of the 
mixing network after being made uni- 
directional by the rectifier X.. The solid 
triangular impulse /, in the time diagram 
is of this origin. Consequently the re- 
generator cannot fail to send a rest signal. 

The wave form of the timing-wave re- 
versal across the network input terminals 
is shown in E>. Until this reversal has 
reached the termination R, and operated 
the R tube, another reversal cannot occur, 
and then only with reception of a second 
character of which S’ is the start impulse. 
Although a gradual decrease in slope of 
the wave is apparent as successive meshes 
attenuate the higher-frequency compo- 
nents, symmetry is retained as depicted in 
E;. The scanning-impulse generators are 
triggered at intervals of at first 11, and 


Wilder—Electronic Regeneration of Teleprinter Signals 


then 22 milliseconds. The sum of their 
plate, currents in the differentially con- 
nected primary windings of 7-2 is either 
zero or unit amplitude, depending upon 
whether an even or odd number of im- 
pulse generators are at any instant banked 
in like electrical position, and a change in 
net primary current occurs six times with 
the passage of a.single timing wave. The 
resultant series of six alternately poled 
derived impulses of extremely short dura- 
tion in the transformer secondary is recti- 
fied by X-1 and introduced, as Fy, be- 
tween the cathode and plates of the pick- 
up tubes. 


Any one of these scanning impulses can 
produce current flow only in that half of 
the primary of T-4 associated with a pick- 
up tube whose grid is positively dis- 
placed with respect to the common cath- 
ode connection. The polarity of the 
transformer secondary voltage is there- 
fore dependent upon the polarity of the 
incoming signal E, at the instant of scan- 
ning. A proportion of the polarized 
pickup voltage appears as E; at the mid- 
points of the mixing network to position 
the sending-relay drive tules and the 
sending relay. ; is a plot of the tele- 
graph battery potential transmitted by 
the sending relay to the east line. Itisa 
reproduction of the perfect signal origi- 
nally transmitted, being composed of unit 
length impulses as determined by the 
timing network and independent of varia- 
tion in received-signal transition time. 

If signals are transmitted from a slowly 
operated keyboard, the rest impulse is 
considerably longer than unit length. 
Frequently, however, intelligence groups 
contained in a perforated tape are passed 
through a transmitter that automatically 
inserts a rest-and-start impulse between 
groups. In this case the rest impulse 
may be considerably shortened, if, under 
the most adverse effect of signal distor- 
tion, the preceding start impulse suffered 
delay in arrival and the start transition of 
the following character is advanced in 
time. Then the rest signal is not regener- 
ated but must absorb the total phase 
shift of the two start impulses. In some 
systems a 42-per-cent extension in length 
of all rest impulses is made to absorb 
these phase shifts, but a reduction in the 
number of letters per minute transmitted 
must be accepted if the same maximum 
line frequency is retained. 


Performance 
To measure the telegraphic efficiency 
of the regenerator a chemically recording 


transmission testing machine was used. 
Transmission was continuous from a pre- 
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pared tape, unless to simulate keyboard 
sending the transmitter was sporadically 
autostopped. To permit the time rela- 
tion between any regenerated signal im- 
pulse of a character and its start impulse 
to be observed, the sending ring could be 
rotated through increments of one seg- 
ment. 

With this arrangement the timing of 
the network sections was adjusted suc- 
cessively until the maximum departure 


from normal of any regenerated impulse 
was less than two per cent. By moving 
the segment sending the start impulse 
with respect to the segments sending the 
intelligence group, the minimum time of 
duration of an impulse required to insure 
correct selection by the pickup tubes was 
found to be 0.5 millisecond. The re- 
sponse of the latch tubes to the start sig- 
nal was instantaneous, irrespective of how 
long the regenerator had been at rest. 


Physical Aspects 

The electronic regenerator has been de- 
veloped as an adjunct to direct-point re- 
peaters. Any one of a group of rack- 
mounted unidirectional units may be in- 
serted quickly in a teleprinter circuit at a 
repeater station. Experience has shown 
that the regenerator will operate continu- 
ously for six months without atten- 
tion. 
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As published on pages 862 and 864 of 
the Transactions section of the December 
1945 issue of ELECTRICAL ENGINEERING, 
Figures 1 and 2 of the paper, ‘“The Direct- 
and Quadrature-Axis Equivalent Circuits 
of the Synchronous Machine,” by A. W. 
Rankin contained drafting errors. Cor- 
rected versions of the figures are printed 
here. 
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URING THE DEVELOPMENT 
of the original low-voltage a-c-net- 
work distribution system, preliminary 
_ studies indicated that the use of a rela- 
_ tively large number of medium-sized dis- 
_ tribution transformers would provide the 
most flexible and most economical ar- 
5 rangement. Furthermore, very satis- 
factory operating experience with net- 
work systems of this type gave consider- 
able justification for their use. 

Obviously the network protectors re- 
quired were also of relatively small size, 
since the continuous ampere rating and 
the interrupting rating were influenced by 
the size of the distribution transformers 
used. This meant that the majority of 
the protectors had continuous ampere 
ratings of 250 and 500 amperes at 60 
cycles and interrupting ratings of 15,000 
to 20,000 amperes at 220 volts. 

However, the rapid growth of the a-c 
low-voltage-network distribution system, 
together with its adoption in many differ- 
ent types of application, soon developed 
the need for network protectors of con- 
siderably higher ampere ratings. The 
first expansion extended the continuous 
ampere ratings to 800 and 1,200 amperes. 
Subsequently the range was increased 
further to include 1,600- and 2,000-am- 
pere ratings. 

During this period the interrupting rat- 
ings remained at 20,000 amperes. But 
operating experience with systems having 
greater power concentrations, together 
with calculations of possible short-circuit 
currents, eventually led to the develop- 
ment of network protectors having inter- 
rupting ratings up to and including 40,000 
amperes. 

The need for the higher interrupting 


Paper 46-11, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
winter convention, New York, N. Y., January 21- 
25, 1946. Manuscript submitted October 3, 1945; 
made available for printing November 14, 1945. 
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A New Gubmersille Network Protector 
of Higher Rating 


F. D. JOHNSON 


ASSOCIATE AIEE 


ratings also resulted from the use of spot 
networks requiring large concentrations 
of power and involving a number of large 
distribution transformers. In addition 
to having high interrupting ratings the 
network protectors for these applications 
required continuous ampere ratings as 
high as 3,000 amperes 60 cycles. 

Most of the original network protectors 
were located in building or basement 
vaults not subject to flood conditions. 
This meant that the protectors could be 
mounted in the open air or in ventilated 
enclosures. Heat losses generated in the 
protectors therefore were dissipated read- 
ily, and it was not a difficult matter to 
provide reasonably compact units for any 
of the required ampere ratings. 

Extension of the secondary network 
distribution system soon showed the de- 
sirability of installing network units in 
subway vaults either under the street or 
under the sidewalk. Installations of this 
type were of course subject to flood condi- 
tions, and both transformers and network 
protectors had to be made submersion 
proof. In the case of the network protec- 
tors, which were essentially automatic air 


circuit breakers, the enclosures had to be 


watertight, in fact airtight. Dissipation 
of heat from an airtight enclosure, with 
air inside the enclosure as the transfer 
medium, could occur only by straight 
conduction, convection, and radiation, 
with very little benefit from air flow. 

This problem obviously becomes more 
difficult as the continuous ampere rating 
increases due to the greater heat losses de- 
veloped. Itis believed therefore that the 
problems involved and the methods used 
to produce a 3,000-ampere a-c submersi- 
ble network protector of reasonable 
dimensions will be of interest. 


General Description 


The 3,000-ampere submersible network 
protector for 120-208-volt three-phase 60- 
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cycle service is the latest development for 
application to secondary networks having 
highly concentrated load areas. The in- 
terrupting rating of this protector is 
40,000 amperes. The accepted practice 
for network protectors requires that the 
circuit breaker withstand an initial in- 
stantaneous peak of 2!/, times the rms 
current which is to be interrupted, in this 
case a peak of 90,000 amperes, and re- 
quires that it carry the short-circuit cur- 
rent for 60 cycles before the current is 
interrupted. wy 

The submersible network protector, as 
the term implies, is enclosed in a heavy 
steel housing suitably constructed to 
withstand submersion in water up to a 
depth of at least 15 feet and is in addition 
so constructed as to be readily accessible 
for maintenance. Figure 1 shows such a 
network protector completely closed as it 
is in service. The only electrical connec- 
tions are those to the main circuit by 
means of the solid copper studs through 
porcelain bushings. The cover of the 
housing is a separate fabrication which is 
hinged, gasketed, and clamped to the 
tank body in such manner as to be readily 


Submersible-type 3,000-ampere 
network protector for transformer mounting 
showing exterior cooling fins 


Figure 1. 
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opened for access. The protector proper 
is a unit assembly which can be discon- 
nected readily at top and bottom from the 
power circuit and rolled forward on col- 
lapsible tracks mounted within the hous- 
ing. Briefly described, this protector unit 
consists of a three-pole motor-operated 
circuit breaker, three fuses, a master net- 
work relay, a phasing relay, and a desen- 
sitizing relay. See Figure 2. 


Reduction of Copper and Iron 
Losses 


It is well known that for solid copper 
conductors of a size suitable for carrying 
3,000 amperes at 60 cycles there is con- 
siderable ‘‘skin effect’’ and also that there 
is considerable power loss in magnetic 
members in proximity to such conductors. 
Both of these factors are comparable to an 
increase in resistance of the conductor, 
and, as such, it is evident that the power 
loss within the protector varies directly as 
the square of the current carried. This is 
roughly a measure of the difficulty en- 
countered in increasing the current-carry- 
ing capacity of the network protector 
without at the same time drastically in- 
creasing its operating temperature. It is 
impractical to increase the carrying 
capacity without some increase in total 
losses, and the dissipation of these addi- 
tional losses through the housing to the 
outside air further complicates the heat 
problem. A network protector, like most 
electric equipment, must be made as com- 
pact as is consistent with good design; 
this mechanical requirement is in direct 
opposition to the tendency of higher cur- 
rents to result in larger conductor sizes, 
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higher magnetic forces on contacts, and, 
hence, larger mechanisms. It was the 
judicious balancing of these factors with 
certain improved arrangements which 
made the present development possible. 

The phenomenon of skin effect is well 
known, and in general its effect is quite 
readily calculated.1 However, in the 
case of a compact multiple-pole circuit 
breaker with its irregular current paths, 
proximity of adjacent phases, and prox- 
imity of magnetic materials the problem 
is complicated by proximity effect,” by 
iron losses, and by contact losses. 
cause of the indeterminate nature of the 
combined losses it was decided early to 
study the losses experimentally by meas- 
uring the actual a-c resistance of the cir- 
cuit breaker and its parts. The loss in 
relay potential and current coils is a small 
part of the total, and hence the problem is 
entirely one of current losses, except for 
consideration of the temperature rise of 
the coils themselves. A search of the 
literature on the subject did not disclose a 
previously available method of readily 
and directly measuring the 60-cycle resist- 
ance of such heavy copper circuits. The 
method employed is described in the 
appendix. 

Conductors of a size to carry 3,000 am- 
peres at 60 cycles are most efficient when 
made in a tubular form, preferably of 
circular section, with a wall thickness of 
approximately 0.5 inch but specifically 
related to the actual diameter. Because 
of practical considerations in arranging 
contacts and connections in limited space 
a hollow conductor of square section has 
been used for current-carrying parts 
wherever practical. Since these hollow 
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V re and 
engaging statiotaer jaws at these upper 
end. The copper blades are arranged in 
pairs with three such pairs making up a 
bridging member for each pole. In each 
pair the blades are placed with the flat 
faces of one parallel to those of the other. 
The next pair is in a similar position but — 
spaced approximately one inch away. : 
This configuration of six flat bars in 
parallel if extended in length would havea 
current distribution over its cross section 
no better than would a solid conductor of 
the same outside dimensions. However, 
in this case each of the six conductors is 
only several inches in length and at each — 
end there is a contact, the resistance of 
which is appreciable compared with that 
of each baritself. The effect of these con- 
tacts is to equalize the current flowing 
through the six bars, and therefore the 
current distribution over the cross section 


% 


N 
: 


SECTION A-A 


Md tok Ak ep th dab heg! 


Figure 3. 

of the multiple silver-plated line contact at the 

break end of the bridging- or moving-contact 
members 


A view showing detail construction 


ELECTRICAL ENGINEERING 


ee a Pes oo Dey 6 ee eS: Lite Ve 
q hehe bs y 2F0*% ws 


of each bar is comparable with that which 
_ would flow in a single isolated bar, and all 
six bars carry current effectively. 
At the hinge joint of each pair of bars 
_ the contact isa hard silver plate of sub- 
stantial thickness on both the moving 
bars and on the stationary jaw which is 
placed between them. Pressure is ap- 
plied to these contacts by means of a 
through bolt and cup-washer springs. 
At the break end of the bridging mem- 
bers the stationary jaw is similarly silver 
plated and is tapered at its engaging edge 
to facilitate engagement with the moving 
bars. The bars, however, engage this 
jaw only for a portion of their width in 
order to conserve travel. The portion of 
a bar which engages the jaw at this point 
~ is silver-plated and then by high pressure 
_ dies is embossed into a series of parallel, 
raised, and hardened silver lines each 
with its axis in the direction of the sliding 
action of the contact. Figure 3 shows the 
_ arrangement of the embossed-silver mul- 
| tiple-line contact. Pressure on the break 
contact just described is secured in the 
same manner as at the hinge joint, that is, 
by means of a transverse bolt through the 
two bars and a cup-washer spring on 
either side. Figure 4 shows the con-’ 
struction of the circuit breaker. 
Each pole of the protector is fitted with 
a fuse, usually on the network side, to 
serve as standby protection in case of 
apparatus failure or to open the circuit in 
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case of a bad nonclearing fault on the net- 
work side close to the protector. These 
fuses are designed to operate at an un- 
usually low temperature in order not to 
add unduly to the heat problems of the 
protector. Low operating temperature 
is obtained by constructing the fuse with 
a fusing member from a small section of 


low-melting-point eutectic alloy; the bal- 


ance of the fuse body is heavy copper. 
Network protectors commonly are en- 
closed in steel housings, and, because they 
are made as compact as practical, it is 
obvious that at some point the conductors 
will approach this steel enclosure or actu- 
ally pass through it, resulting in hysteresis 
and eddy-current losses in the steel. 
These losses actually may equal or ex- 
ceed the copper losses, unless preventive 
measures are taken. The method of 
measuring a-c losses which is described in 
the appendix was especially useful in 
tracing and eliminating these iron losses. 
It was found necessary to make the top 
plates where the main bushings pass 
through, and the rear plate of nonmag- 
netic steel. Also, mechanism brackets, 
levers and frames, and circuit breaker 
mechanical parts had to be nonmagnetic. 


Heat Dissipation 


When the circuit breaker has been de- 
veloped to generate the minimum prac- 
tical amount of copper and iron loss there 


Figure 4 (left). A 
view showing the ar- 
rangement of circuit- 
breaker contacts and 
deion arc chute 
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still remains the problem of dissipating 
this heat through the steel housing or en- 
closure at the relatively small tempera- 
ture differential which is available. The 
usual air circuit breaker has only copper 
loss to be dissipated and dissipates this by 
conduction, radiation, and convection 
directly to the surroundings; the usual 
oil circuit breaker by conduction to the 
oil and then by conduction, radiation, and 
convection to surroundings. .The tem- 
perature differential available for the dis- 
sipation of heat is 85 degrees centigrade — 
for class-B insulation. 

The radiation of copper losses takes 
place in the network protector in three 
stages, namely, in one temperature drop 
from the copper to its bafriers and im- 
mediate surroundings, in a second tem- 
perature drop from these surroundings to © 
the inside of the enclosing housing, and 
in a third temperature drop from the 
housing exterior to surrounding objects. 
Similarly, in the dissipation of copper 
losses by convection it is found that there 
are three temperature drops in series, 
namely, first from the copper to the sur- 
rounding air, second from this heated air 
to the housing structure, and third from 
the housing to the exterior air. By con- 
duction some heat is transmitted directly 
to immediate surroundings of the conduc- 
tor and from there is taken by radiation 
and convection to the housing and to the 
outside; but the amount of copper loss 
which may be conducted directly to the 
housing structure is very small. Conduc- 
tion through air to the housing walls 
accounts for a very small portion of the 
heat loss. Fortunately the iron losses 
which are allowed to remain are generated 
directly in the housing itself. 
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As radiation and convection are the 


chief factors in the dissipation of the cop- — 
per losses, it is proper that all possible fac- 


tors should be introduced into the design 
favoring the dissipation of the heat by 
these means. 

The dissipation of heat by radiation is 
given by the Stefan—Boltzman law: 


Q = 5.7 X107-22(744— T24)e 
where 


Q=energy radiated, in watts per square 
centimeter 

T; =absolute temperature of radiating body 
in degrees Kelvin 


T:=absolute temperature of surrounding 


surfaces in degrees Kelvin 
e=total emissivity of surfaces 


Since this quantity is proportional to the 
difference of the fourth power of the two 
absolute temperatures, it is evident that 
dissipation by radiation can be very use- 
ful even for small temperature differen- 
tials, provided the values of e are as high 
as are practically obtainable. To this 
end the copper conductors are given an 
oxidized copper finish the emissivity of 
which is 56.8 per cent® as compared with 
unoxidized or unfinished metal surfaces 
which have an emissivity of four per cent 
or less. The housing surfaces, both in- 
terior and exterior, are finished with pig- 
mented paints having even greater values 
of emissivity. 

The convection factor for the removal 
of heat from the conductors is enhanced 
by taking advantage of the chimney effect 
of the vertical hollow conductors and by 
the bridging member of the circuit breaker 
being a number of thin conductors in 
parallel. The return bus bars at the rear 
of transformer-mounted network protec- 
tors are mounted on insulating members 
to the rear plate of the housing, which 
plate is nonmagnetic steel, with non- 
magnetic steel cooling fins extending from 
the plate forward between the bus bar 
members and at each side of them. 
These fins, in this interleaving manner, 
both by radiation and by convection, ex- 
tract heat from.the bus bar members for 
their full length. 

It is just as necessary to favor the heat 
transmission through the housing as it is 
to favor getting it out of the conductors. 
The housing is painted inside and out, 
giving these surfaces an emissivity of 
around 89 per cent, so that for radiated 
heat the walls are a good transmission 
means. However, by conduction the 
conductors heat the air within the hous- 
ing, and it immediately rises to the upper 
portion of the housing, where it tends to 
stagnate. The conductors occupy the 
full height of the housing and generate 
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Figure 7. Diagram showing balancing of 
voltage components in the bridge circuit 


/=test current 
IR=inphase test voltage 
IX =90-degree test voltage 
1Z=voltage drop of test specimen 


heat for their entire length, so that the 
heated air tends to circulate upward past 
the conductors, and they get the benefit of 
true convection cooling. However, the 
heated air moving upward stagnates in 
the top of the housing and is cooled 
mainly by conduction through the housing 
walls. To cool this air and establish a 
full circulating system it is necessary to 
add greatly to the exposed surface of the 
housing, both internally and externally, 
in the hot region. Thisis done by adding 
cooling fins to both the inside and the out- 
side surfaces as shown in detail in Figure 
6, this being necessary only for approx- 
imately the upper one half of the housing. 
For each one square inch of base or radi- 
ating area, either inside or outside, there 
is an exposed area including fins of 5.1 
square inches. The fin arrangement 
shown is a practical means of construc- 
tion devised to get the necessary heat 
through the available wall area without 
increasing housing dimensions prohibi- 


Table |. Comparison of Typical Copper 
Conductors at 60 Cycles 
Sur- 
Gross face, A-C 
Sec- Square Resist- 
tion, Inches ance, 
Square Per Microhms Ra-o 
Inches Inch Per Inch Rao 
WA eee BNO Pp atOBeik Oeeecdered 2.07 
Solid bus‘ 
4-inch hol-...5.24....27.8.....0.198..... 1,22 
low square 
3/,-inch wall 
38-inch hol-...4.57. 17.4 Osea Sime 1.35 
low square 
1/:-inch wall 
38-inch out-...3.93....15.7 O224 5 st 1.30 
side diame- 
ter of tube 
1/3-inch wall 
4-inch out-...5.50....22.0 O1162...555 TAG IsT 
side diame- 
ter of tube 


1/,-inch wall 
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_ ductors with cooling fins; therefore, 


tively; it is not 
proportions, ei either in effi 
amount of | base surface 
of metal used. Radiati 


sufficient to cool the conductors and fact | 


ing, and it is not practical to load the con- 


has been necessary to allow a relatively 
large temperature differential from the 


conductors to the air in the housing and to 


work toward smaller temperature drops | 
from this air to the housing wall and from | 
the wall to the outside air by heavily 


loading the housing walls with fins.***7 


—~ 
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Mechanical Features 


Working in opposition to the require- 
ments for low loss and low temperature 
rise, as well as the requirements for high 
interrupting ability and high short-time 


current rating, is the ever present need 


for minimum physical size. The methods 
used to accomplish the required tempera- 
ture results have been described. The 
mechanical features whereby the stresses 
of interruption and of high currents are 
held under control now will be discussed. 


The current values encountered in 


’ short-circuit interruption by network pro- 


tectors are high and must be held under 
control until interruption is accomplished. 
The 3,000-ampere network protector 
is required to interrupt a short circuit, the 
initial crest of which reaches an instan- 
taneous value of 90,000 amperes or more, 
followed by a decreasing current for 60 
cycles, at which time the circuit breaker 
opens and interruption is accomplished at 
40,000 amperes or more rms. During 
this time it is necessary that the large 
magnetic forces do not blow any of the 
contacts open, with the resulting burning 
of contacts. 

The magnetic forces of short-circuit 
currents act in three ways, all tending to 
force open thecontactsorbridgingmember 
of the circuit breaker. The design is such 
as to minimize or nullify all three of these 
factors. First, there is the largest of the 
three magnetic forces, that due to the re- 
turn-current path in the bus bar to the 
rear of the circuit breaker. Its effect is 
minimized by one end of the bridging 
member being hinged (see Figure 4), so 
that 50 per cent of this force is expended 
at the hinge pin. The 50 per cent of the 
force at the contact or break end is ex- 
pended, not against springs, but rather 
against the rigid members of the mecha- 
nism. The second component of magnetic 
force which is commonly encountered on 
bridging members of circuit breakers of 
this general configuration is that caused 
by the bridging member not forming one 
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straight conductor with the upper and 


; 


g 
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lower conductors. This component is 
‘minimized and controlled in the same 
manner as the first component and also is 


minimized further by the bridging mem-_ 


ber being closely in line with its terminal 
conductors. The third component of 


_ magnetic force tending to blow the con- 


; 
J 
4 
+ 
F 


qj 


tacts open is that due to the current con- 
verging to a small cross section and high 
density at points of contact. At any 


- given point of contact this force will vary 


as the square of the current. This factor 


p . . . 
in the present circuit breaker arrange- 


ment is minimized by the current being 


_ divided into six contact paths (one for 
each of the six blades) and further into 


the multiplicity of line contacts at each 


_ embossed contact; the force at each de- 


tail contact will vary as the square of the 
current through it, but the sum of the 


_ squares of the individual currents is a 


value less than the square of the sum of 


_ the currents, which would be the case if 


4 


the total current passed through a single 
contact. The effect is minimized further 
by the fact that the forces are in a direc- 
tion 90 degrees to the main motion of the 
bridging member and further are more 
than counteracted by the cup-washer 


_ springs and by the magnetic forces of the 


parallel currents in each pair of blades 
tending to pull the blades together. 


When the circuit breaker opens, the 
two side pairs of blades open first and 
transfer all of the current of one pole to 
the center pair which opens slightly later 
and in turn transfers the total current to 
be interrupted to the butt type of arcing 
contacts with tungsten-alloy arcing tips. 
The hinging of and flexible connection to 
this arcing contact are arranged so that 
the nonuniform magnetic field resulting 
holds these tips in contact until the mo- 
tion of the circuit breaker and mechanism 
opens the contact. When the contact 
does open, the current is transferred to 
the deion arc chute for interruption. 
Once transferred the current is carried to 
the deion chute through a separate con- 
ductor for the purpose and no longer is 
carried by any of the circuit-breaker con- 
tacts. The general arrangement of the 
circuit-breaker and arc chute is shown in 
Figure 4.° ‘Figure 5 is a typical oscillo- 
gram of an interruption.’ 


From the foregoing it is noted that the 
mechanism need only be large enough to 
close the circuit breaker against frictional 
forces and the forces of opening or acceler- 
ating springs. It is not required to de- 
flect contact springs which (as commonly 
used in circuit breakers) are sufficiently 
strong to withstand directly the magnetic 
forces of short-circuit currents. 
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Appendix. Measurement of 
A-C Resistances at Low 
Frequencies in Heavy 
Conductors 


In the case of commercial power frequen- 
cies the a-c resistance of heavy-current con- 
ductors, or the wattage of power resulting 
therefrom, normally is arrived at by calcu- 
lation rather than by measurement. When 
the conductor is irregular in size and ar- 
rangement, or when return phases by prox- 
imity become factors, or when there is mag- 
netic steel in the vicinity, calculations be- 
come tedious and often questionable. Fre- 
quently the conductors are so short that the 
voltage drop in their length is a matter of 
millivolts, even with several thousand am- 
peres flowing, and normally the power factor 
through the conductor is very low. With 
these circumstances the problem does not 
lend itself to the use of the conventional 
wattmeter. Further complications arise 
from induced voltages in the potential cir- 
cuits by reason of the proximity of the 
heavy-current circuits. 


The method of measuring wattage loss 
developed in conjunction with high-current 
network protectors is based on the use of a 
bridge circuit wherein the voltage drop 
across the test specimen is balanced by a 
voltage made up of two components, both 
variable in magnitude, one component 
known to be inphase with the test current 
and the other known to be 90 degrees out of 
phase with the test current. See Figure 7. 
By calibration of the source of the inphase 
component the effective resistance of the 
specimen is determined. 


The test circuit is shown in Figure 8 in 
diagram form. The source of test energy is 
a transformer of the required frequency 
capable of circulating several hundred am- 
peres through the test specimen; the current 
value is not critical, nor is it necessary that 

*it be constant. The test current from 
terminals A—A is circulated through a cur- 
rent transformer C; through the test speci- 
men B-B, and through a section of concen- 
tric conductor D (shown in section), the lat- 


Figure 8. Wiring diagram of the bridge cir- 
cuit used for measuring a-c resistance of large 
copper conductors 
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ter being heavily shielded magnetically. 
All test circuits other than the source of 
heavy current are of the concentric shielded 
type. 
former is connected to a potentiometer type 
of resistor having a double-contact type of 
slide SH and designed to have very low re- 
actance and very low skin effect at the fre- 
quency used.'! This potentiometer is the 
source of a voltage, adjustable in magnitude, 
which is closely inphase with the current in 
the primary of the current transformer, and 
hence is closely inphase with the JR com- 
ponent of the voltage drop through the test 
specimen. The position of the double- 
contact slide is calibrated in terms of the d-c 
resistance of the section of conductor which 
is included between the two contacts. 
When a balance is established (described 
later), the a-c resistance of the test specimen 
is known to be the d-c resistance of the 
potentiometer at the particular setting 
divided by the ratio of the current trans- 
former. From the foregoing it is evident 
that 


1. The potentiometer must have no appreciable 
skin effect. 


2. The current transformer must have very little 
phase-angle error. 


3. The ratio of the current transformer under load 
must be accurately known. 


In order completely to balance the voltage 
drop appearing at FF across the test speci- 
men it is necessary to obtain a voltage which 
is variable in magnitude and which is known 
to be accurately 90 degrees inphase position 
relative to the test current. This is ob- 
tained by induction from coil E which is 
mounted pivotally in the annular space 
between the inner and the outer conductors 
of the concentric conductor D. The 90- 
degree relation is known to obtain, because 
the magnetic flux in the annular space is of 
necessity inphase with the current in the 
central conductor, and the voltage induced 
in coil £ leads this flux by 90 degrees. 
These phase-angle relations hold accurately 
for conditions of balance, for then there is no 
current flow in the galvanometer circuit 
which could upset the angular relations. 
The coil EZ is wound upon an entirely non- 
metallic structure and is wound of very fine 
wire in order not to distort the phase-angle 
relation of voltage induced with respect to 
test current. The magnitude of voltage to 
secure a balance’ is obtained by adjusting 
the plane of coil E with respect to a plane 
described by a radius of the concentric con- 
ductor and the axis of the same conductor. 

By means of shielded cable, voltages from 
SH and from E are connected in the same 
circuit with the voltage from test specimen 
FF and with vibration galvanometer G. 
Double-throw switches S1 and S2 permit of 
reversal of test connections and thereby 
eliminate some minute effects of stray fields 
upon the test specimen. Rheostat W con- 
trols the sensitivity’ of the vibration galva- 
nometer. The galvanometer is tuned to the 
test frequency by means of the field rheostat 
R. The vibration type of galvanometer is 
preferred as an indicator of balance because 
of its fine sensitivity and because of its free- 
dom from the effects of harmonics in the test 
current. H is the d-c source of field excita- 
tion for the galvanometer, and W is the 
lamp used for mirror and light-beam regis- 
tration. The galvanometer is magnetically 
shielded. 
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The Solution of Transmission-Line 
Problems in-the-Case- of Attenuating 


Transmission Line 


GEORGE GLINSKI 


ASSOCIATE AIEE 


OAXIAL LINES with solid dielec- 

tric often are used as feeders. Such 
lines have appreciable attenuation (of the 
order of 1.5 decibels per 100 feet at 100 
megacycles per second). Application of 
standing-wave method of finding the re- 
ceiving-end impedance, as based on the 
assumption of lossless transmission line, 
would introduce an appreciable error, in- 
creasing with the length of the line used. 
The purpose of this paper is to show how 
by the application of the standard trans- 
mission-line theory the standing-wave 
method of measuring impedance can be 
extended to the case of transmission lines 
with attenuation, if the appropriate cor- 
rections are introduced. As seen from 
this point of view, the paper brings to- 
gether and somewhat systematizes in- 
formation available in the existing tech- 
nical literature. 


Voltage Distribution Along the Line 


The total complex voltage V at any 
given point of the transmission line is the 
sum of the incident complex voltage V, 
and the reflected complex voltage V,. 
As we go along the attenuating transmis- 
sion line from its receiving toward its 
sending end, the amplitude of the incident 


vector voltage increases. This is taken 
into account by the multiplication of the 
reference magnitude V; by e®%”. Hence, 
at the point x from the receiving end the 
incident voltage has the magnitude V,e%” 
(Figure 1). The factor a is called the 
attenuation constant of the line. 

Also, if we go along the attenuating 
transmission line from the receiving to- 
ward the transmitting end, the phase of 
the incident complex voltage changes. 
This is again taken into account by the 
multiplication of the reference magnitude 
by ¢”8*, Hence, at the point x from the 
receiving end the incident complex volt- 
age is V,e%e** (Figure 2). 

The factor 6 is called the phase con- 
stant of the line. As we see, the simul- 
taneous attenuation and phase shift can 
be taken into account by multiplying the 


bro 2 


x 
REFERENCE 
POINT 


Figure 2 (right). 
Effect of phase shift 


Figure 1 (left). Effect 


of attenuation 


reference ii eu Vi Pe or Pe dee 
wherey=a+tjs. The factor 7 i iscalled 
propagation constant of the line. Hence 
the generalexpression of the incident 
voltage at point « from the eecIUE enc 

of the line is V,e". - . 

Similarly the reflected complex aK 
at the point x from the receiving end of 
the line can be represented by Veattite, | 
where V, is the magnitude of reflected | 
voltage at the receiving end of the line 
and y, its phase difference in relation to” 
the incident voltage at the receiving end 
(Figure 4). 

Hence the total complex voltage at the 
point « from the receiving end of the line 
is 
V=V,+ a Vier*+ V,e717+Hb0 


(1) 


The ratio of the reflected complex volt- 
age at the receiving end to the incident 
complex voltage at the same point is 
called the voltage complex reflection co-_ 
efficient Kp: 


V, 
Kp=Kpei*’ ase elvo (2) 


4 
Introducing this into equation 1 we 
obtain 


V=Vi(e"+Kpre 7) 
=Ver"(1+Kpe¥re-*) (3) 
Voltage Distribution Near the 
Receiving End 


Let us assume, as a first approximation, 
that, although the line is attenuating, the 
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In the use of this test circuit the current 
is adjusted to any suitable value at the de- 
sired frequency, and balance is obtained by 
adjustment of SH and £ until zero response 
is obtained on galvanometer G. Rough 
balance is made first with W large and then 
the sensitivity gradually increased as closer 
and closer balance is achieved. When bal- 
ance is reached the a-c resistance of the test 
specimen is the d-c resistance of section Y 
of the potentiometer divided by the ratio of 
the current transformer. 

Although the test arrangement described 
was used on appreciably heavier conductors, 
actual comparison with values calculated 
for a ten-inch length of seven-eighths-di- 
ameter copper bar was made as follows: 


D-c resistance of ten-inch length, 
OMG Jasernath snihs ere ie areneneer 1.315% 1075 
*Ratio of a-c—d-c resistance............1.0668 
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Calculated a-c resistance, ohms........ 1.401075 
Measured a-c resistance, ohms........ 1.451075 


With a galvanometer having an imped- 
ance better matched to the problem at hand 
even greater sensitivities should be obtain- 
able. 
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attenuation of the line of a length of about 
d/2 is negligible. Let us find the voltage 


According to our assumption for this 
length e*? —> 1 and from equation 3 we 
obtain 


V= Vie" (14 K pete 3282) (4) 


This is a well-known? equation of the 
voltage distribution along the lossless 
line. The expression in the brackets on 
the right side of the last equation is the 
vector sum of the unit vector OA (Figure 
_ 5a) drawn along the real axis and the vec- 

tor AB=Kre’°—*6*) drawn from the 
_ point (1.0) as shown on the same figure. 
The vector Kpe?°—?*”) rotates, with in- 
creasing x, in the clockwise direction and 
completes one revolution when x=\/2 
_ (since the phase constant 8=27/)). 
To find the magnitude of this vector 
- sum in the brackets for a given length of 
_ line x, we must rotate the vector Kp 
through the angle 26x from its original 
position and in the clockwise direction. 
_ Let us assume that x is such that the vec- 
_ tor takes the position AB in Figure 5a 
Then the segment OB gives us the magni- 
tude of the vector sum. Moreover, this 
' magnitude is proportional to the magni- 
tude V of total complex voltage at the 
point x, of the line, since the factor e’°* be- 
fore the brackets changes only the phase 
angle. 

In Figure 5b the magnitude of the vec- 
tor sum in the brackets versus the length x 
of the line is plotted. According to 
what has just been said, this also gives the 
distribution of the magnitudes of the total 
voltage along the line. 


. length of line from the receiving end. 
5 
4 
% 
4 


Voltage Distribution Far From the 
Receiving End 


Let us suppose that the line under con- 
sideration is terminated in such a load 
that the receiving-end-voltage reflection 
coefficient and voltage distribution are as 
shown in Figures 5a and b. 

Let us find the voltage distribution on 
the line starting at some distance x= 
n(A/2) where n>1. Since, according to 
our previous assumption, the attenuation 
though existing is constant along the con- 
sidered ./2 section of the line, the equa- 
tion 3 yields 


Vie A Re Merete hee)" 1(8) 


We shall use again the graphical con- 
struction. On the real axis (Figure 6a) 
we shall plot the unit vector OA. Then, 
using point A as a center, we shall draw 
the circle of the radius Kpe~°*. The 
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_ distribution along the first half wave - 


REFERENCE POINT 


Figure 3. Effect of attenuation and phase 
shift 


bio- Vi 


Vr 


a) Figure 4. Incident 


and reflected volt- 
ages at the receiving 
end of the line 


vector AC will be equal to Kpe~*e7"* 
The magnitude of the vector OC is pro- 
portional to the magnitude of the total 
voltage at the point x2 of the line. By 
rotating the vector AC in the clockwise 
direction and in the way just explained, 
we obtain again the voltage distribution 
on the section of line considered. This 
voltage distribution is plotted in Figure 6b 


Figure 5a. Graphical construction for voltage 
distribution near receiving end 


| 
a|> 


Figure 56. Voltage distribution near receiv- 
ing end 
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versus the distance along the line. Com- 
paring the Figures 5b and ‘6b (when 
plotted to the same scale), we see that the 
voltage distribution farther from the re- 
ceiving end of the line differs from that at 
the receiving end in two respects: 

1. Farther from the receiving end the 
standing-wave ratio g, that is, the ratio of 
maximum to minimum voltage, decreases. 


In other words the attenuation of the line 
decreases the standing-wave ratio q. 


2. The space average magnitude of the 
voltage is higher farther from the receiving 
end. 


Attenuating Line as an Impedance- 
Measuring Device 


For the voltage distribution starting at 
the point x2 of the line (far from the re- 
ceiving end), the maximum magnitude is 


Vinax = Vie™*(1-+K ge **) bpp 
and the minimum magnitude is 
Vunin = Vie%2(1 —K re~ 22) (7) 


Hence the standing-wave ratio in the _ 
vicinity of the point x2 is 


Vinx 1-+Kpe70* 


=". 8 
a Vira 1-K RC 202 ( ) 
Solving the foregoing for Kp yields 
— erar, BOI 9 
Kp=e%s nar (9) 


The last equation gives us the magni- 
tude Kp of the receiving-end-voltage re- 
flection coefficient. This can be used 
now to find from the known formula’ the 
standing-wave ratio gz near the receiving 
end of the line: 


1+Kr 
- (10 
qk ithe ) 
Kpe 2aXze2%0 were 
on ys 
re) eee ie + 
\ A / 
\ te 
SRignke 
Figure 6a. Graphical construction for voltage 
distribution far from receiving end 
410.44 
te = A 
x2th x2 +3 xa+ Xate Xa 
Figure 6b. Voltage distribution far from re- 


ceiving end 
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This standing-wave ratio, together 
with relative shift of the voltage minimum 
in relation’to the point x2, can be used in 
the standard way! to find Z;/Z, from the 
appropriate chart (Zz equals the receiv- 
ing-end (load) impedance; Z, equals the 
characteristic impedance of the line). 

If we prefer the graphical construction, 
we can proceed as follows: Suppose that 
the vector OB in Figure 7a is proportional 
to the first minimum voltage encountered 
along the line when going from the point 
%_ toward the sending end, whereas the 
vector OD is proportional to the maxi- 
mum voltage. The circle with center A 
midway between the points B and D and 
going through these points is the locus of 
the reflected voltage near the point x2 of 
the line. If the first minimum of the 
voltage is shifted a distance x3 from the 
point x, (Figure 7b), then the correspond- 
ing angle is 28x3. We shall rotate the 
vector AB counterclockwise through this 
angle26x3; thisyieldsthe vector Kpe -““" X 
e”° proportional to the reflected voltage 
at the point x of the line. Its magnitude 
is given by Ke *”. Let us suppose 
that the attenuation constant a and the 
distance x2 are known, then the factor 
e’“" can be calculated. The multiplica- 
tion of the magnitude Kpe~*": by the 
factor e*” gives obviously Kp. 

Let us draw the circle of the radius Kp 
with a point A asacenter. Then the vec- 
tor AF gives us the reflection coefficient at 


Graphical construction for finding 
Zr/Z, from the voltage distribution curve far 
from receiving end 


Figure 7a. 


PS 


are 


Figure 7b. Voltage distribution far from re- 
ceiving end 
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Figure 8. Short 
circuit and load volt- 
age distributions 


the receiving end of the line. As it is 
known, the ratio of segments OF and OG 
(the point G being diametrically opposite 
to the point F) gives us the magnitude of 
Zr/Z,» The phase of Zp/Z, is given by 
the angle GOF. This phase is positive 
(Zz inductive), if OF leads OG; it is 
negative (Zp capacitive), if OF lags OG. 


Determination of Transmission- 
Line Attenuation 


From the previous discussion it follows 
that the measurement of the receiving- 
end impedance Zp requires among other 
things a knowledge of the attenuation 
constant @ of the line. 

The constant a can be determined 
readily from the measurement of the 
voltage distribution on the line when 
short-circuited at the receiving end. 
In this case, as we know, the magnitude 
Kp of the voltage reflection coefficient is 
equal to one and equation 9 yields 


erAL, — snot} 


11 
Qsh.c— 1 es 


Note that q,,.- is measured in the 
vicinity of the point x2 of the line, that is 
far from the receiving end. 


Example 


Let us assume that the coaxial meas- 
uring section of transmission line is con- 
nected through a long coaxial line to the 
unknown receiving-end impedance Zp. 
When the line is short-circuited at the 
receiving end the measured voltage dis- 
tribution is as shown by curve A in 
Figure 8. Curve B on the same figure 
represents the voltage distribution with 
the receiving-end impedance Zp con- 
nected. The frequency of applied signal 
is 96.3 megacycles per second. 

The total attenuation of the line can 
be found from the formula 11. The 
standing-wave ratio in the case of the 
short circuit is 


0.905 


=—— =2.83 
0.32 


shee 
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Figure 9. Graphical construction for finding 
Zr/Zo 


Hence 


2.8341 
ele VEE 
2.83-—1 


2a: 
erats — 


That is, the total attenuation ex,= 
0.37 nep or 3.2 decibels. 

In the case of the load connected the 
measured standing wave ratio is 


The standing-wave ratio at the re- 
ceiving end can be found from the known 
formula ! using formula 9 as 


2.02—1 
1421 
2.02-+1_ 
z= =v0.0 
a 2.02—1 
1-21 
2.0241 


This example was chosen intentionally 
to show how important the correction of 
standing-wave ratio for the attenuation 
on the line between the measuring section 
and the receiving end can be. 

The shift of the minimum when the 
line is loaded as referred to the minimum 
when the same line is short-circuited is 
x3=14 holes, Figure 8, (Coaxial meas- 
uring section is provided with equidistant 
holes for the purpose of measuring voltage 
distribution. These holes are numbered 
and distances along the measuring section 
are measured conveniently in number of 
holes), or 0.226 (since \=64 holes, as 
can be found from the curve B on Figure 
8) toward the load. Hence the load is 
inductive. 
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Synopsis: A method of measuring ignition 


_ voltages with a cathode-ray oscillograph is 


a 
a 
- 
4 
7 


_ several engine operating conditions. 


4 
4 
a 


, 


described. Magneto and spark-plug volt- 
age oscillograms covering several consecu- 
tive firing pulses were taken on a complete 
aircraft magneto ignition system under 
Oscil- 
lograms taken with spark plugs firing in air 


_ show differences when compared with engine 


tests. An improved electronic oscillograph 


_ has been developed which is well adapted for 


ignition measurements. 


HE spark ignition system is recog- 

nized as the greatest single source of 
trouble in an aircraft engine.! New igni- 
tion problems have been created, and old 
ignition troubles intensified in modern 
engine developments. The ignition sys- 
tem on the high-power engines of today 
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must function under higher output per 
cylinder, higher temperatures, greater 
numbers of firing sparks per second, 
higher altitude operation, and more strin- 
gent radio-interference requirements. 
The fact that large numbers of high- 


A—Simple resistor-capacitor divider 


" 
ER wG G 
B&R a G 
oC 
RiCi = ReCe 
slmeggt 
SE-B P Es RePRe GuCcae 
Fxg, (Evcn Ret amine Cr 
Gs 


C2 includes capacitance in plate circuit 


power aircraft engines are in operation 


_ today reflects great credit to the ignition 


engineers who have succeeded in solving 
their major problems. 

A magneto ignition system generates 
and distributes a series of timed transient 
electric discharges. The magneto output 
voltage is created by a sudden disturb- 
ance in two coupled circuits each simply 
oscillatory, and, therefore, may be re- 
garded as the resultant of two normal 
modes of different amplitudes, frequen- 
cies, and damping. A distributor alter- 
nately connects the different length spark- 
plug: circuits with the magneto through 
a short air gap. The current which flows 
in the circuit then is complicated by the 
magneto characteristics, the variable 
circuit parameters, and the spark-dis- 


Gla = Cole, 


Loy be 


Ri Ro 
RiCi = RoCe 


Figure 1. Parallel capacitor-resistor type volt- 
age divider 


Using the transmission-line calculator, 4 
we shall find that the resistive component 
Rp and reactive component Xp, of the 
receiving end impedance Zp are Rp/Z,= 
3.3, Xp/Z,= 2.9. 

The graphical construction for this case 
is shown in Figure 9. It consists of the 
following steps: 


1. Draw OB proportional to Vmin from 
Figure 8, curve B. 


2. Draw OD proportional to Vix from 
Figure 8, curve B. 


3. Draw the circle on BD as a diameter 
(point A is its center). 


4. Translate the shift of the minimum x; 
into the angle 26x3. In the case considered, 
since x3 is shifted toward the load, the vector 
BA should be rotated clockwise. 
of rotation is equal to 47x;/A. In the case 
considered it is 2.84 radians or 162.7 de- 
grees. 


5. The vector 
K pem 2¢eWo, 


AC is proportional to 
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The angle: 


6. Find e?¢22 from formula 11. 


7. Multiply the magnitude of vector A C by 
et2 and draw the circle of the radius Kp 
with point A as acenter. The vector AF 
is proportional to the reflection coefficient 
Ky at the receiving end of the line. 


8. The ratio of the segments OF/OG gives 
us the magnitude of Zp/Zp. 


9. The angle GOF gives us phase of Zp/Z, 


or 

R 
i999 
Zo 

i 

=" =9.02 
Zo 


As we see, these figures agree fairly well 
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with those obtained when using the trans- 
mission-line calculator. 


Conclusion 


As it is seen, the existence of attenua- 
tion in the transmission line does not 
change the method of determining the 
load impedance; with appropriate con- 
nection the same method can be used. 


References 


1. GRAPHICAL SOLUTION OF VOLTAGE AND CUR- 
RENT DISTRIBUTION AND IMPEDANCE OF TRANS- 
MISSION Lines, R. C. Paine. Proceedings of the 
Institute of Radio Engineers, volume 32, 1944 
number 11, pages 686-95. 


2. AN ANALysiIs OF R-F TRANSMISSION LINES, 
G. B. Hoadley. Communications, volume 23, 1943, 
number 2, pages 22, 24-6, 28, 50, 52. 


3. Tue ConpucTIon oF HIGH-FREQUENCY OSCIL- 
LATORY EnerGcy, H. O. Roosenstein. Proceedings 
of the Institute of Radio Engineers, volume 16, 
1931, number 10, pages 1849-83. 


4. TRANSMISSION-LINE CaLcuLaTor, P. H. Smith? 
Electronics, volume 12, January 1939, page 29. ~~ 


TRANSACTIONS 49 


Figure 2. Pratt and Whitney aircraft ignition 
test assembly 


M—Masgneto; D—Distributor; P—Plug mount 


charge characteristics in both the dis- 
tributor and spark plug. Calculation of 
an ignition circuit is thus at present not 
possible. Measurements of voltage and 
current in an ignition system are not easy, 
because high voltages, high frequencies, 
and low total energies are involved. Ig- 
nition voltages of 15 kv commonly are en- 
countered at the magneto. Ignition cur- 
rents from frequency of firing to hundreds 
of megacycles are detected by wave 
meters. A magneto ignition spark may 
release only 50 millijoules in the spark 
gap.” | 

The object of this paper is to describe 
some recent measurements made on a 
modern aircraft-engine ignition system 
with the hope that further investigation 
will be stimulated. 
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Figure 3. Magneto- CIRCUIT 2 
ignition circuit con- 


stants 


Cs =2,000-micromicrofarad series capacitor 
Cp=0.35-microfarad primary capacitor 
Ci1=150-micromicrofarad capacitance of sec- 
ondary to ground at distributor 
C2=100- to 300-micromicrofarad capacitance 
in harness and plug lead 
C;=35-micromicrofarad capacitance of spark 
plug 
Es=25,000 volts maximum secondary open 
circuit volts 
Ep=85 volts maximum primary volts 
Lp=2.65 to 4.310 —8 henrys primary induct- 
ance in coil 


Combined Capacitance-Resistance 
Voltage Divider 


In an oscillographic study of ignition- 
circuit voltages it is necessary to reduce 
the ignition voltage to values suitable 
for the oscillograph deflection plates. 
The construction of a divider, which will 
not change the ignition voltage being 
measured and will reproduce faithfully 
the ignition wave on the film, constitutes 
a major problem. A noninductive resist- 
ance divider of ten megohms total resist- 
ance gave frequency distortion due to the 
oscillograph plate capacitance of 25 mi- 


CIRCUIT 1 


SiS / 


LASS 


oot to 42 henrys secondary inductance ine 
| 


coil 
—— - 
L1=0.004 microhenry per centimeter in con- 
centric cable (calculated) — s : 


lp =six amperes crest 

Fs=2,000 approximate natural ecu BA) with 
D open and B open 

Fp =6,000 approximate natural frequency with 
D open and B closed . 

F,=107 cycles per second approximate fre- 

quency of CiL:C2 (calculated) 
Rs 6,800 ohms 
Rp=0.25 ohms 


cromicrofarads. Capacitance dividers 
were found to be unsatisfactory for low- 
frequency measurements due to unequal 
leakage around the capacitors. In igni- 
tion circuits both high- and low-frequency 
voltages are known to be present; there- 
fore, a combined capacitance-resistance 
divider was built. 

The simple capacitance-resistance di- 
vider is sketched in Figure 1A. When 
the time constants for each divider step 
are made equal, the frequency of the volt- 
age being measured has no effect upon 
the ratio of the divider if the lead induc- 
tance is neglected. The effect of lead 


Figure 4. Open-circuit magneto voltages 


A (left)—Open-circuit secondary voltage 


B—Open-circuit secondary voltage with primary-circuit open 
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Figure 5. Distributor and plug voltage characteristics 


A (left)—Distributor voltage to ground 
B—Spark-plug voltage to ground 
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sated divider of Figure 1B. With com- 
plete compensation it is possible to make 
a divider with constant ratio for direct 
current and high frequency.’ 
In the experimental investigation, the 
_ simple capacitance-resistance divider was 
found satisfactory. The constants of 
x divider were 


Cra 2o e1O er 
C:=850 X10 "F 


R,=11.2X108 ohms 
~ R2=0.8X108 ohms 
4 


} It is necessary to keep the stray ground 
capacitance of R:C, step low and to lo- 
cate the divider as closely as possible to 
_ the point of voltage measurement. 


_ Ignition Assembly Tests 


The ignition system investigated was 

_ that used on the Pratt and Whitney R- 
2800 18-cylinder engine. It consists of a 
_ double magneto, which generates simul- 
_ taneous ignition pulses for two circuits of 
18 plugs each through the two separated 
distributors. Initial tests were made 
with this ignition system mounted upon 
an engine nose section with plugs firing 
in air as shown in Figure 2, The standard 
magneto and distributor gears were 
driven by an electric motor mounted in 
the rear. The magneto was an eight-pole 

_ rotating-magnet type with two coils and 
breaker structures. The magneto rotor 
was geared to rotate at 1!/s times crank- 
shaft speed. The breaker cam had 18 
lobes ground for compensated timing and 
rotated at one-half crankshaft speed. A 
series capacitor of 2,000 micromicrofarads 
in the coil secondary, located in the mag- 
neto housing, enables the magneto to 
deliver more than 1,350 rpmxX18= 
24,300 firing discharges per minute 
through each circuit. The voltage di- 


inductance is considered in the compen- 


A—Top view of test cell 
and control room 
a—Dynamometer control 
panel 

b—High-voltage d-c rectifier 
c—Oscillograph and control panel 
d—Engine-control panel 
e—Transmission line 

f—Double window 

g—lest engine 

h—Shroud 

i—Ajir blower 

j—Water brake 

k—Dynamometer 


vider was attached to a spare high-volt- 
age terminal provided in the magneto 
housing. A schematic circuit of this 
ignition system is drawn in Figure 3. 
The circuit constants measured and cal- 
culated for this circuit are listed below 
the circuit diagram. 

The rotating-film cathode-ray oscillo- 
graph‘ recorded the magneto and spark- 
plug voltage transients. The low-voltage 
side of the divider led directly to the de- 
flection plates. The time scale was pro- 
vided by rotation of the film. An expo- 
sure was made by unblocking the beam 
relay for a predetermined time with a 
voltage applied and removed by mechani- 
cal contactors. 

The open-circuit voltage obtained on 


B—Type-B discharge voltage 
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C—Type-A discharge current at plug; restrike 
on flux reversal 


D—Type-B discharge current at plug 


Figure 6. Voltage and current oscillograms of 
two types of ignition discharges 
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CONTROL 
ROOM 


B—Side view of test cell and control room 
a—Shock mount 

b—Concrete floor 

c—Roof vents 

d—Air 

e—Potentiometer 

f—Bed plates 


Figure 7. General layout for engine test 


the magneto with the divider connected 
directly to the high-voltage side of the 
coil secondary is shown in Figure 4A. 
The open-circuit voltage rises to 28-kv 
crest with an initial rate of rise of about 
400 volts per microsecond. The two fre- 
quency components of 2,000 and 6,000 
cycles are visible in this oscillogram. 
Figure 4B shows the open-circuit voltage 
record obtained with the circuit breaker 
blocked open and the divider connected 
directly to the magneto. 

The distributor voltage to ground ob- 
tained with the complete ignition circuit, 
but with the spark plugs firing in air, is 
shown in Figure 5A. The voltage rise at 
point a occurs when the primary circuit 
breakers open and the value of this crest 
voltage is determined by the breakdown 
voltage of the distributor gaps. The elec- 
trit charge stored in the magneto second- 
ary circuit up to the distributor then is 
shared with the spark-plug circuit on a 
high-frequency transient. The resultant 
voltage is usually high enough to break 
down the spark plug and discharge the 
secondary on a high-frequency damped- 
current oscillation. The air gaps then 
partially recover some dielectric strength, 
and the secondary circuit rises again, but 
now the voltage required to break down 
the distributor gaps is less than the initial 
breakdown, probably due to residual ioni- 
zation in the gap. This action is re- 
peated many times at b until finally at c 
the generated secondary voltage is no 
longer able to break down the gaps. The 
voltage reverses as a result of the buildup 
of reverse flux through the magneto coil, 
and at d several breakdowns occur. At 
e the primary circuit breaker closes, and 
the distributor spark goes out, leaving the 
high-voltage lead with a trapped charge 
because of the secondary series capacitor. 
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Figure 8. Magneto voltage with different engine-operation conditions 


S—Speed, rpm 
T—Indicated torque 
P—Brake horsepower 


A (above)}—Typical oscillogram B—Effect of 15,000-ohm resistor in 
Al-217 number-1 front plug high-voltage lead at distributor 
S—1,500 rpm idling Al-268, number 1 rear plug take-off 
S—2,700, T—2,900, P—2,000 
Rs =15,000 ohms at distributor 


boCycle 


Figure 9. Spark-plug voltage records obtained during engine tests 


Secondary voltage oscillations attributed 
to primary-current short-circuit tran- 
sients are superimposed upon the residual 
direct voltage of this line section. At 
f the next pulse occurs on opposite po- 
larity with the rotating distributor finger 
now adjacent to the next spark-plug cir- 
cuit terminal. Repeated voltage rises 
and breakdown occur at g, the secondary 
magneto voltage reverses at h, and a 
second breakdown period is found at 1, 
followed by the primary circuit breaker 
closing at 7. This time the magneto-dis- 
tributor lead was left at almost zero di- 
rect potential, although the a-c oscilla- 
tions are relatively large. 

An oscillogram of the spark-plug volt- 
age is shown in Figure 5B. Two ignition 
discharges of opposite polarity taken on 
the same plug are recorded. Repeated 
charging- and breakdown-voltage varia- 


Figure 10 (below). Westinghouse electronic 
oscillograph 


A—Cathode housing, 50 kv, d-c maximum 
B—Sweep and timing circuits 

C—Focusing and bias control 

D—\Vacuum pumps 

E—Calibrating and film-drum exposure control 
F—Main control panel 

G—Stationary film 

H—Rotating film 
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tions are observed on the film. Also com- 


plicated reflection and extinction effects 


are indicated in this oscillogram. 

Two types of magneto firing-voltage 
records were recorded on the assembled 
ignition system with spark plugs firing in 
air. Figures 6A and C illustrate typical 
voltage-time and current-time oscillo- 
grams associated with the steady type-A 
discharges. Figures 6B and D show os- 
cillograms of voltage and current asso- 
ciated with the intermittent type-B dis- 
charges. Other investigators»® have 
called these discharge types “inductive” 
and ‘“‘capacitive’ sparks. The steady 
sparks appear reddish and diffuse, 


a 


whereas the intermittent sparks appear 


bright bluish and concentrated. 
Ignition Tests on Engine 


The layout of the test cell and control 
room is sketched in Figure 7. The test 
engine was loaded with a dynamometer 
and a water-wheel brake. A cathode-ray 
oscillograph was set up in the control 
room with a two-wire transmission line 
connecting the deflection plates to the 
voltage divider located over the engine. 
The length of the line was 12 feet. The 
test engine was operated under several 
fixed conditions, and records made of the 
magneto firing voltage and the spark-plug 
voltage to ground. In Figure 8 typical 
records of the magneto high-voltage lead 
voltage to ground are shown. A 60-cycle 
voltage was recorded to provide calibra- 
tion of each oscillogram. An external 
mechanical relay used in these tests to 
trigger the beam frequently bounced to 
cause apparently unconnected short por- 
tions of the trace. 

The intermittent-type discharge-volt- 
age characteristic was found in all oscillo- 
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grams taken with the ignition system 
firing the engine. The magneto firing- 
voltage records obtained do not differ 
greatly for different engine test condi- 
tions. No significant differences in the 
breakdown voltages are observed in 
Figure 8. The restriking voltages which 
follow the breakdown are observed to be 
higher at higher speeds and greater en- 
gine power output. 

A spark-plug voltage record is repro- 
duced in Figure 9A. In this record the 


- initial breakdown is.not visible due to the 


extremely fast rise and fall. When a 
15,000-ohm carbon resistor was installed 
in the high-voltage lead at the distributor, 
the breakdown voltage was observed as 
shown in Figure 9B. In this record the 
initial breakdown of the spark plug is 
clearly visible. 
decrease the rate of rise of voltage on the 


spark plug. 


Electronic Oscillograph 


Oscillograms described in this report 
were obtained with an oscillograph of 
older design. A newly designed cathode- 
ray oscillograph’ with complete operat- 
ing accessories is pictured in Figure 10. 
New features which make it particularly 
valuable for ignition studies are 


1. Provision for either stationary or rotat- 
ing film recording. 

2. Photoelectric means for exposing the 
rotating film for exactly one revolution, in- 
dependent of speed of film rotation. 

8. Enclosed and shielded electric circuits 
in removable panels with safety features. 
4. Sweep circuit selector switches which 
enable a quick setting of sweeps from one 
microsecond to 20,000 microseconds. 


The different operating circuits are built 
into the cabinet on removable panel as- 
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The resistor serves to 


semblies. The high d-c beam voltage is | 
supplied by a transformer and rectifier 
tubes with capacitor filter all built into 
the main cabinet. The combination of 
high writing speed with either short- or 
long-time recording makes this a useful | 
instrument for studying ignition circuits. 


Conclusions 


Ignition currents and voltages are 
measured with a cathode-ray oscillo- 
graph. Typical oscillograms are shown — 
which explain the operation of an igni- 
tion system used on a high-power air- 
craft engine. The importance of com- 
plete radio shielding and adequate elec- 
trical insulation becomes apparent with 
increased knowledge of ignition voltages 
and currents. Future ignition studies 
will be facilitated with a newly developed 
high-voltage cathode-ray oscillograph. 
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: Welding Transformers 
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INCE THE PROCESS of metallic are 

welding was discovered, some of this 
welding has been done with alternating 
current. The fact that a transformer, 
with no moving parts and its resultant 
simplicity, could be used always has made 
the use of alternating current for welding 
desirable. When only bare welding elec- 
trodes were available, it was necessary 
to have a welding transformer with thesec- 
ondary voltage so high as to be dangerous 
to the operator. Even with this high 
open-circuit voltage, the arc with the 
bare electrode was so unstable that it 
was very difficult to maintain. Conse- 
quently, the transformer was never popu- 
lar as a power source for welding until the 
bare welding electrodes had been re- 
placed by the modern coated electrode. 

Seven or eight years ago, the standard 
secondary voltage for welding trans- 
formers was approximately 110 volts. 
Improvements in the coatings of the elec- 
trodes used for a-c welding since have 
enabled us to reduce the standard open- 
circuit voltage of these welding trans- 
formers to between 70 and 80 volts. 
Some transformers which are expected to 
be used with a limited variety of elec- 
trodes have secondary voltages as low as 
50 volts. 

During this period of growth, the users 
of the a-c equipment for welding natu- 
rally have become aware of its advantages 
as a power source in comparison with the 
rotating machinery generally used as the 
d-c power source, but always have been 
somewhat dubious about the relative 
safety of the two systems. Experts in 
both types of welding can argue at great 
length on this subject, but experience 
seems to bear out the fact that lower 
open-circuit voltages must be used with 
the a-c systems if they are to have safety 
equivalent to the d-c system. 

During these last few years, most of the 
companies manufacturing a-c welding 
transformers have supplied as an optional 
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feature a no-load voltage-reducing appa- 
ratus consisting of the necessary contac- 
tors and relays to change the voltage at 
the electrode holder from the usual no- 
load value of 70 to 80 volts to a lower 
value of 25 to 35 volts. Of course there 
are those who properly might contend 
that even these voltages are not safe, 
and probably one must agree that the 
only safe voltage is zero. 

One method of arriving at a desirable 
voltage for the a-c welding system would 
be to assume that the present-day d-c 
welding systems are safe, because very 
few accidents are reported on these d-c 
operations. Many of these d-c welding 
sets have maximum no-load voltages of 
90 to 100 volts. It might be reasonable, 
therefore, to assume that any a-c system 
which had a peak voltage on the a-c sine 
wave no higher than the voltage of the 
d-c welding system would be equally safe. 
Using this reasoning, we can assume that 
a transformer with a secondary voltage of 
70 volts is equivalent in safety to a d-c 
welder with a no-load voltage of 99 volts, 
and a transformer with 65 volts corre- 
sponds in safety to a d-c welder of 92 volts. 
This logic is not easily proved to be cor- 
rect, and the writers do not contend 
that it is; but on the basis of this logic 
an attempt was made to develop a trans- 


REACTOR 


” tical welding tests with capacitors con-— 


makes and varieties of a- 
erodes” 1" la tioktee 

Investigation of the a-c we d 
with the magnetic and cathode-ray 
lograph indicated that capacitan 
parallel with the arc produced a s Z- 
ing effect because of the possible higher 
restriking voltages at current zero and be- 
cause of the extra energy delivered to the 
arc immediately after restriking. Prac- 


ss 


in 


nected as shown in Figure 1 bore out the 
results indicated by the oscillograph tests. — 
It was then necessary to develop some 
means of determining the actual value of 
a particular amount of capacitance in 
reducing the required no-load voltage of 
the transformer. Our electrode develop- 
ment engineer, E. H. Turnock, suggested _ 
that welding tests with different trans- 
former no-load voltages would indicate — 
the degree of arc stability by the number 
of times the arc extinguished itself per 
electrode used. Tests therefore were con- 
ducted in which a number of electrodes 
were used at each of a number of trans- 
former no-load voltages. The number of 
arc outages per electrode was recorded. 
These tests gave a reasonably smooth 
curve, indicating a definite relationship 
between the number of the arc outages 
and the transformer voltage. By ex- 
tending these curves to the zero axis of the 
arc outage scale, one can assume that with 
this particular kind of electrode and weld- 
ing setup, the voltage indicated by the 
curve to give no arc outages will be the 
minimum stable open-circuit voltage. 


By running a series of such curves with 
various types and sizes of electrodes, one 
could determine the minimum open-cir- 
cuit voltage which could be used for that 


& variety of electrode. Similar curves also 
were taken with various values of ca- 
pacitance connected across the trans- 

Figure 1. Circuit diagram former output terminals as shown in 
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Figures 2 and 3: 
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60 cycles, 105 ampere 


ARC OUTAGES 
PER ELECTRODE 


A—No capacitor, B—60 microfarad, C—120 mircofarad, D—180 microfarad 


ELECTRICAL ENGINEERING 


2 
. 
4 
3 


TELS 2 1 Se 
: et 


AE ee 


a 
ie) 


TSS aa 
(ease e 


lah 


offal i> | | 
Bice 


-NO-LOAD VOLTAGE 
o 
°o 


EES EE 


TRANSFORMER SECONDARY 


nike SUsAGES heh eteerROGE 


S 
°o 


Figure 4. Stability curves showing effect of 
high lead reactance 


3/1e-by-18-inch class 6020 electrode, 60 
cycles, 180 amperes 


A—No capacitor 
B—120-microfarad long leads 
C—120-microfarad short leads 


Figure 1. Figure 2 shows that for a given 
electrode, the addition of a 60-microfarad 
capacitor reduced the required secondary 
voltage from 70 volts to 63 volts, and a 
120-microfarad capacitor allowed a re- 
duction of the transformer secondary volt- 
age to 55 volts. Figure 3 shows the re- 
sults of similar tests on a different type 
of welding electrode. 


Co 65 Virrs 120 Mf, Cop Ba Rod, 


It was expected that the long leads 
sometimes used for welding would intro- 
duce a considerable reactance in the weld- 
ing circuit between the arc and the capaci- 
tor and reduce the effectiveness of the 
capacitor as a stabilizer. In order 
properly to determine the effect of such 
leads, tests were conducted with the same 
transformer and capacitor arrangement 
with 200 feet of single conductor welding 
cable from each terminal to the welding 
position. These 200-foot leads were in 
one test laid out on a steel floor and, in 
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another test, were arranged in coils on a 
steel floor, The latter arrangement 
proved to have twice as much reactance 
as the former, and the center curve in 
Figure 4 indicates the result of such a lead 
arrangement in reducing the stabilizing 
effect of the capacitor. This combina- 
tion of 200-foot leads in coils gave a 
higher lead reactance than ever has been 
reported in actual practice, and this is 
considered to be an extreme condition. 

In planning a line of welding trans- 
formers using this method of stabiliza- 
tion, the designer must compare the addi- 
ional cost of the capacitor and its mount- 
ing with the reduced size of the trans- 
former itself as well as the more abstract, 
but nevertheless desirable, improvement 
in safety. He also must allow sufficient 
margin in the use of the curves obtained 
by such tests to care for a reasonable 
length of welding leads and for a low pri- 
mary voltage. The amount of margin 
included to care for these points is em- 
pirical and must be based on the designer’s 
experience with these factors. One could 
assume, however, that a 120-microfarad 
capacitor and 65-volt transformer would 
give a reasonable margin of stability as 


indicated by the afore-mentioned curves. 


Figure 5 shows a typical oscillograph 
record of the welding current and arc volt- 
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emcees. 


Figure 5 (left). Oscillogram of welding current 
and are voltage with capacitor stabilization 
iy 
Figure 6. Oscillogram of welding current and 
arc voltage without capacitor stabilization 


age with such a transformer—capacitor 
combination. Figure 6 shows a similar 
record without the capacitor. Visual ob- 
servation of the cathode-ray oscillograph 
screen during welding with this capacitor 
stabilization indicated that the capacitor 
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gave energy to the are not only at the 
current zero point, but also occasionally 
within the half cycle of current flow when 
some arc disturbance seemed to require 
such energy. 

The capacitor during any half cycle is 
charged with a certain amount of energy. 
When the voltage drops to zero, the ca- 
pacitor tends to discharge. Figure 1 indi-. 
cates that there are two possible paths for 
discharge of this stored energy. One of 
these paths is through the secondary 
winding of the welding transformer in 
series with the adjustable reactor. This 
combination offers a very high impedance 
in the form of reactance to the discharge 
of the capacitor energy. The other pos- 
sible path is through the welding are which 
is presumably an air gap at the time of 
current zero and therefore also offers high - 
impedance in the form of resistance to the 
discharge of the capacitor. This causes 
the potential of the capacitor to build up 
very rapidly until it reaches a value that 
will break down the air gap. This re- 
establishes the welding arc at a lower 
transformer secondary voltage than would 
be the case without the high initial po- 
tential of the capacitor discharge. As 
current flows across the arc, the capacitor 
discharges. If the arc opens, the capacitor 
potential rises again, and the arc is re- 
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ignited. Figure: 5 shows that the dis- 
charge of the capacitor is oscillatory and 
shows that this discharge may occur at 
other times than the zero current point. 

The net result is that a stable welding 
are can be maintained at a lower trans- 
former secondary open-circuit voltage 
with a capacitor across the arc than with- 
out the capacitor. It is the authors’ 
opinion that capacitor stabilization can 
be used economically to improve simul- 
taneously the performance and safety of 
welding transformers. 
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Shutdown Mersus Hiseseae 


Temperatures in Polyphase Induction 


Motors 


C. P. POTTER 


FELLOW AIEE 


HE ‘‘Test Code for Polyphase In- 

duction Machines,’’ AIEE Standard 
500, paragraphs 50 to 58 inclusive, con- 
tains complete instructions for making 
temperature tests and reads in part as 
follows: 

“The temperatures indicated by the 
* thermometers placed on the motor at the 
start of the test usually rise when the 
motor is stopped: These values... . 
must be recorded..... The highest tem- 
perature .... recorded will be taken as the 


actual temperature attained during the 
test.”’ 


The test code, therefore, requires that 
the temperature rise of a motor taken 
either while running, or at any time after 
shutdown, must not exceed the value 
stamped on the nameplate. 

Readings are taken after shutdown in 
order to disclose abnormal temperatures 
which may not be detected by thermome- 
ters on the windings or core or by the 
resistance method. There seems to be no 
doubt that shutdown readings are de- 
sirable and necessary, but there may be 
some doubt whether the shutdown tem- 
peratures always should be restricted to 
the same values as the running tempera- 
tures. It is the writers’ purpose to report 


Paper 46-58, recommended by the AIEE committee 
on electric machinery for presentation at the AIEE 
winter convention, New York, N. Y., January 21— 
25, 1946. Manuscript submitted October 15, 1945; 
made available for printing December 4, 1945. 


C. P. Potter and A. E. Frowarpt are with the 
Wagner Electric Corporation, St. Louis, Mo. 


Protected type squirrel-cage motor 


Figure 1. 
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A. E. FROHARDT ; 


ASSOCIATE AIEE 


the results of certain tests which were 
made to investigate this point and to 
recommend desirable changes in the test 
code and in ASA Standards. 


Scope of Tests 


Temperature tests were made at various 
loads and frequencies on a motor having 
a protected frame; with openings cut in 
the frame to make it of the open type; 
and with very large openings giving 
practically unrestricted ventilation. Tests 
also were made with most of the openings 
closed to imitate a totally enclosed ma- 
chine. Several rotors were tested having 
different resistances and load losses. 
The temperature rise of the stator wind- 
ings was measured by three methods: 


1. Surface thermocouples on the hottest 
accessible part of the winding. 
2. Resistance. 


3. Embedded thermocouples 
enough to locate the hot spot). 


(using 


Description of Motor Tested 


The motor tested was a 50-horsepower 
405-frame 1,750-rpm 3-phase 60-cycle 
440-volt machine having a semienclosed 
slot stator wound with heavy formvar 
covered round wire. The windings were 
of the double-layer diamond type, and the 


Figure 2. Normal open type squirrel-cage 
motor 


Potter, Frohardt—Polyphase Induction Motors 


were no pelle Pee Be rly in e 
stator or rotor, and the various rotors 
tested all were of cast aluminum co nstruc- 
tion. Figure 1 shows the motor as origi- 
nally built; Figure 2 as altered to mak 
it of the open type; Figure 3 as altered 
to have practically unrestricted ventila- 
tion. : 


Location of Temperature Indicators | 


Sixteen thermocouples were located in- | 
side of the windings as shown in Figure 4. 
Thermocouples 17, 18, 19, and 20 were 
silk taped inside the loops of the coils 
just inside the tape which covered the free — 
ends. Thermocouples 6, 8, 10, 12, 14, and 
16 were silk taped to the coils inside the . 
slot next to the 0.025-inch insulation 
separating the winding from the wooden 
wedge. Thermocouples 5, 7, 9, 11, 13, 
and 15 were silk taped to coil sides which 
lie in the bottom of the slot, just below 
the 0.060-inch insulation separating the 
coil sides. Thermocouples 1, 2, 3, 4, 21, 
and 22 were on the outside of the tape 
on the free ends, embedded in crevices in 
the windings, and covered with a small 
amount of sealing compound. Thermo- 
couples 0, 23, and 24 were located on the 
outside surface of the stator core and were 
covered with a small amount of sealing 
compound. 


Test Procedure 


Several temperature tests were made 
with various conditions of load, distribu- 
tion of losses, types of enclosure, and so 
forth, and each run was continued until 
the temperatures became constant. Read- 
ings of all thermocouples were taken while 
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Figure 3. Exaggerated open type squirrel- 


cage motor 
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the motor was running. Readings of all 


thermocouples, resistance, and rotor tem- 
peratures were taken at frequent intervals 
after the motor was shut down to deter- 
mine how the heat was redistributed. 


_ These readings were continued until well 


after all of them had reached their maxi- 
mum, ; 


Results 


Fifteen sets of observations were made 
to determine the behavior of the tempera- 
tures of various parts after shutdown, 
and five of them are plotted in Figures 5, 
6, 7,8, and 9. The conditions of test are 
given in Table I. 

These graphs show the behavior of the 
temperatures after shutdown at the hot- 
test part of the core and the copper avail- 
able to surface thermocouples, the hot 
spot as located by embedded thermo- 
couple, and the rotor. The temperature 
rise by resistance also is plotted. 


Table I. Test Conditions 
Figure Frame Rotor 
Bisatevere Totally enclosed...... Low resistance 
in aie Protectedcne esas High resistance 
(iE Be Protected... <itis 0025-2 Low resistance 
6 rm ears Normal open......... Low resistance 
Pee Exaggerated open..... Low resistance 
Table Il. Hot-Spot and Maximum Shutdown 
Temperatures 
Shut- 
down 
in Per 
Cent of 
Temperature Hot-Spot 
Rise * Tem- 
Shut- Hot perature 
Figure Frame down Spot Rise* 
5..Totally enclosed..... BOs samis 50.6...98.8 
OG” perotected:, iv csc 61.9...69.7...88.8 
ete PROPECEEM foe alvin es gies 47.5...54.5...87.2 
8.. Normal open........ 39.0...46.4...84.0 
9..Exaggerated open...38.5...48.6...79.2 


* The shutdown figures are the maximum values 
taken by thermocouples located on the hottest part 
of the windings or core accessible to thermocouples. 


Table Ill. Temperature Data for Open-Type 
A-C Motors 
Shutdown in Per 
Cent of Hot-Spot 
Number Temperature 
Horsepower Table of Tests Rise* 
Integralaiccr. ect Td th. os OKsety 88 to 91 
Dashes 77 
Integral; 3¢.. «7c MGV. . ahaio se 4 ae: 91.1 to 95.5 
Fractional........ Tanadsictt a a P 92 to 95 
Fractional........ Tbasy ots 10.538 86.5 to 95.3 
Fractional....... EY cateraree Sirs re 89 to 98 
Fractional....... PMitbe aiave at's Barer. 4 94 to 97 
Fractional...... AGL at eecge Nile eree 92 to 102 


* The shutdown figures are the maximum values 
taken by thermocouples located on the hottest part 
of the windings or core accessible to thermocouples. 
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The hot-spot temperatures and maxi- 
‘mum shutdown temperatures taken from 
these graphs are given in Table II. 

Two papers published in 19451? con- | 
tain data taken from temperature tests 
made by ten different observers, and the 
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TEMPERATURE RISE IN DEGREES C 


4 8 l2 16 20 24 «28 
MINUTES AFTER SHUT DOWN 


Figure 5. Behavior of temperatures, totally 
enclosed squirrel-cage motor 


Line 8—Hot spot 
Line 23—Core 
Line 4—Winding surface 
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TEMPERATURE RISE IN DEGREES CENTIGRADE 


ie) 4 8 12 16 20 24 «628 
MINUTES AFTER SHUT DOWN 


Figure 6. Behavior of temperatures, protected 
type squirrel-cage motor 


Line 13—Hot spot 
Line 23—Core 
Line 2—Winding surface 
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TEMPERATURE RISE IN DEGREES C 


& 


2 
MINUTES AFTER SHUT DOWN 
Figure 7. Behavior of temperatures, protected 
type squirrel-cage motor 


Line 14—Hot spot 
Line 23—Core 
Line 2—Winding surface 
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I 16 0 q 
MINUTES AFTER SHUT DOWN 
Figure 8. Behavior of temperatures, normal 
open type squirrel-cage motor 


Line 13—Hot spot 
Line 23—Core 
Line 2—Winding surface 
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4 8 l2 16 20 24 28 
MINUTES AFTER SHUT DOWN 


Figure 9. Behavior of temperatures, exag- 
gerated open type squirrel-cage motor 


Line 13—Hot spot 
Line 23—Core 
Line 2—Winding surface 
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Pressure-Arrc-Interruption Circuit 


Breakers for 400-Cycle Aircraft 


ee ae eee re oe er 


Electric-Power System 


B. O. AUSTIN 


MEMBER AIEE 


THOROUGHLY TESTED light- 
weight circuit breaker for the 208Y— 
120-volt 3-phase 400-cycle a-c system for 
large aircraft is now a reality. The cir- 
cuit breaker is electrically operated, re- 
motely controlled, with latched-in main 
contacts. The design is suitable for paral- 
leling generators and busses, circuit inter- 


SECONDS 


Curve showing closing time of 
400-cycle 208-120-volt 120-ampere aircraft 
circuit breaker at various applied voltages 


Figure 1. 


ruption, manual or automatic synchroni- 
zation, and interlocks are provided for 
use in various control circuits. Operating 
solenoids are designed for low current 
requirements and for wide ranges of volt- 
ages and ambient temperatures. Size 
and weight have been kept to a minimum. 


General Considerations 


The Army Air Forces has become very 
much interested in a high-voltage high- 
frequency 3-phase a-c system for large air- 
craft. Reasons for the use of such a sys- 
tem in very large aircraft are many and 
varied and have been covered thoroughly 
elsewhere. (‘‘Why Tomorrow’s Planes 
Will Have A-C Systems,” T. B. Holliday. 
Electrical Manufacturing, volume 32, ie 
1943, page 88.) 

Paper 46-13, recommended by the AIEE committee 
on air transportation for presentation at the AIEE 
winter convention, New York, N., Y., January 
21-25, 1946. Manuscript submitted November 8, 


1945; made available for printing November 27, 
1945, 


B. O. AustTIN is section engineer, aviation control, 
Westinghouse Electric Corporation, Lima, Ohio. 


Table IV. Temperature Data on Plain 
Enclosed Type A-C Motors 


: Shutdown in Per 
Cent of Hot-Spot 


Number Temperature 
Horsepower Table of Tests Rise* 
Integral, ....02s.. Monsnad Diese 93 to 95 
Tite gral iiiecs cies Ee vtaacse Oerte te 95 to 98 
Integral ...5 00.5% LV ote! Sy eateatts 92.3 to 95.9 
Rractional yoo. sci | ee RAE eer cietad 92 to 98.5 
Fractional....... TIT siete ei Bei sie’. 91.2 to 98.2 
Fractional....... Mi Visiieists leas oe 95 to 100 
Fractional....... i Oe A Cahiers 95 to 98 
Fractional...... VAT y etoteie Bivaisien 96 to 101 


* The shutdown figures are the maximum values 
taken by thermocouples located on the hottest part 
of the windings or core accessible to thermocouples. 


tests on the a-c motors may be sum- 
marized as in Tables III and IV. 


Conclusions 


From these tests it may be concluded 
that the relation between hot-spot tem- 
perature rise and the temperature rise 
after shutdown (taken by thermocouples 
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being in test prarbbesa er an 
circuit breaker. It adie satisfa 
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degrees ee enaa T he joe poe 
continues to function propert 


100 per ideals ata pleniscdateee of approxi-- 


mately +40 degrees centigrade for a 
period of 30 days. Vibration encountered 
in aircraft does not affect the operation of 


the circuit breaker. One vibration test | 


passed by this circuit breaker consisted — 
of subjection to vibration for a period of © 


| 


more than three hours in each of the three . 


planes of operation; the vibration con- 


sists of a simple harmonic motion having © 


a total excursion of 1/16 inch and a fre- 
quency varied uniformly between 10 and 


55 cycles per second. The circuit breaker — 


SECONDS 


: VOLTS 


Figure 2. Curve showing opening time of 
400-cycle 208-120-volt 120-ampere aircraft 
circuit breaker at various applied voltages 


which are located on the hottest part of 
the windings or core accessible to thermo- 
couples) is a function of the motor venti- 
lation. In the case of a totally enclosed 
motor the hot-spot temperature rise and 
the temperature rise after shutdown are 
almost equal. In the case of a motor 
which has a minimum amount of enclo- 
sure the ratio between the temperature 
rise after shutdown and the hot spot is 
0.792, or when the hot-spot temperature 
rise is 50 degrees centigrade, the tem- 
perature rise after shutdown is 39.6 de- 
grees centigrade. The ‘Test Code for 
Polyphase Induction Machines”’ was writ- 
ten prior to 1934 and probably was based 
on experience with motors having a 
minimum amount of enclosure and unre- 
stricted ventilation. Squirrel-cage motors 
as built today are fairly well protected, 
and it would seem perfectly fair to con- 
clude that the shutdown temperature rise 
in these motors is about 90 per cent of the 
hot-spot temperature rise, which would 
allow a shutdown temperature rise of 45 
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degrees centigrade instead of the 40 de- 
grees centigrade figure now required. 


Recommendations 


In view of the fact that the trend is 
toward protected motors, it is recom- 
mended that the “Test Code for Poly- 
phase Induction Machines AIEE 500” 
and the ‘‘American Standard Rotating 
Electrical Machinery C-50’’ be modified 
to allow a temperature rise after shut- 
down of 45 degrees centigrade on pro- 
tected type motors having a nameplate 
temperature rating of 40 degrees centi- 
grade. 
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withstood a sand-laden air stream test 
for a period of five hours. 
Obviously the most important single 
_ function a circuit breaker must perform 
is satisfactory interruption of current 
Z under all conditions of operation. High 
voltages at high altitudes are more diffi- 
J cult to handle when arc rupturing is in- 
volved. This is due to the decreased 
_ atmospheric pressure surrounding the arc 
. when it is established. An effective 


' method of controlling this difficulty is to 


design arc interrupters which are not 
~ subject to altitude conditions. 


_ Pressurized Arc Interruption 


7 
2 


- The basic design problem in producing 
such a circuit breaker was the devising 
of a suitable structure which would 

- deionize effectively the arc gases and thus 
interrupt high current and high voltages 
at altitude without damage. Several well- 
known means commonly are employed to 
cool and deionize the gases of the arc 
column, thereby producing an instability 
of the arc which results in its disappear- 
ance. They are 


Lengthening of the arc column. 
Air or gas blasts. 

Surface deionization. 

High gas pressure or vacuum. 
Fluid action. 

Multiple arc gaps. 


: 


DOR 9 No 


One or more of these principles is em- 
ployed in all circuit breakers. 

This circuit breaker uses high gas pres- 
sure, surface deionization, and multiple 
arc gaps. The design is such that the 
circuit breaker has several operating ad- 
vantages. With a self-pressurized arcing 
chamber the circuit breaker is independ- 
ent of altitude conditions. Confinement 
of the arc to the self-pressurized chambers 
eliminates exposed flame which may con- 
tribute to fire. The simplicity of the arc- 
rupturing mechanism and the chambers 
makes possible a compact and light struc- 
ture. Each of the 3-phase circuits are 
opened and closed by actuating the con- 
tact bridges located in the arc chambers. 
Each bridge bar is equipped with contacts 
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Figure 3. Oscillo- 
gram of a short cir- 
cuit to neutral of a 
3-phase 
showing interrupting 
test phase number 
2 at 400 cycles, 208 
volts, pressure and 
temperature equiva- 
lent to 55,000- 


degrees centigrade) 


Figure 4(upperright) 
View of complete 
208 Y-120-volt120- 
ampere 3-phase 400- 
cycle remote elec- 
trically operated air- 
craft a-c circuit 
breaker 


Figure 5. View of 

circuit breaker show- 

ing terminal cover 
removed 


Note straps _ for 
changing _ interlock 
combinations at the 
control terminals; 
also note that the 
main leads enter at 
one end and leave 
at the opposite end 


which engage or disengage two station- 
ary contacts. In this manner double or 
multiple air gaps are provided. Pres- 
surizing the arc to extinguish it quickly 
also makes possible having the contact 
mechanism operate through a short dis- 
tance, thereby making possible higher 
magnetic forces in a small lightweight 
closing magnet and high opening speed. 
Arcing compartments of the circuit 
breaker are designed with a minimum of 
volumetric space. In other words the 
mass of the moving and stationary con- 
tacts occupies more than 50 per cent of 
the volume of arcing compartments. The 
side walls and contact parts also cool the 
arc, aiding in its disappearance. The cir- 
cuit is broken rapidly as sbown in Figure 
3. Pressure which is built up in the semi- 
sealed-off compartments is generated by 
the arc, and this pressure is adequate to 
extinguish the are at 55,000 feet or higher. 
It has not been found necessary to seal 
hermetically the arc compartment, and 
the pressure disappears fairly rapidly. 


Construction 


The contact mechanism is of the simple 
bridge type having two breaks per phase. 
Contact design is similar to that used on 
thousands of d-c contactors and has been 
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feet altitude (—40 - 


tested thoroughly in aircraft service. 
Contact materials used are of the sintered 
type, using a mixture of silver and cad- 
mium oxide which resist high vaporiza- 
tion thus limiting support to the con- 


tinuity of the arc. Contact life exceeds 
5,000 cycles of operation under rated load 
at 75 per cent power factor. 

The latched mechanism used to hold the 
circuit breaker closed has the advantage 
of keeping the circuit energized, even 
though there is a temporary or permanent 
failure of the direct current which is used 
to control the circuit breaker. Springs 
with forces powerful in proportion to the 
masses to be accelerated are used to ob- 
tain high-speed contact separation. This 
reduces total operating time, reduces 
heating time, and, therefore, minimizes 
arcing and wear of contacts. Closing of 
the circuit breaker is accomplished by the 
use of a powerful solenoid which produces 
very high forces in proportion to the 
weight of masses to be accelerated. 
Manual operation is not provided. The 
small travel incident to use of pressuriza- 
tion permits a small magnet to develop 
the necessary high forces. 

Six snap-action interlocks, vibration 
tested, are provided for use in the manual 
or automatic synchronizing control cir- 
cuits, or in other control circuits where 
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their use is necessary for the proper func- 
tioning of the controls. Individual inter- 
locks can be made, either normally open 
or normally closed, simply by changing 
the !position of the external links, thus 
providing the ultimate in flexibility. 

One interlock operated by the main 
circuit breaker mechanism is in series 
with the operating coil and interrupts the 
closing coil circuit as soon as the circuit 
breaker is latched closed. Thus the coil 
is excited only during operation, and it is 
possible to make the solenoid assembly 
smaller than it would be if continuously 
rated. The latch mechanism is released 
by means of a d-c-operated solenoid. 

The circuit breaker mechanism is en- 
closed with a seal which is sufficient to 
exclude dirt, water, or other foreign ma- 
terials to a degree insuring operation 
under the most unfavorable conditions 
likely to be encountered. 

Four mounting holes are provided, and 
the circuit breaker mechanism may be re- 
moved readily without disturbing the 
mounting or enclosure. Three main leads 
enter one end of this circuit breaker and 
leave the opposite end of the circuit 
breaker providing straight-through wir- 
ing. The control circuits enter from each 
side of the circuit breaker and at the same 
level as the main leads. Main and control 
terminals both are protected against acci- 
dental contact. 


Operating Results 


Speed of closing the main contacts of 
the circuit breaker from the time voltage 
is applied until the circuit is closed is very 
rapid. Figure 1 shows a voltage-time 
curve which gives actual operating speeds 
on closing as measured by oscillograph. 
The tripping or opening speed of the cir- 
cuit breaker is shown in Figure 2. Oper- 
ating speeds are well within the specifi- 
cations of the Army Air Forces and assure 
proper functioning of the system under 
normal and fault operating conditions. 
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Figure 6. Plan view of circuit breaker showing 
closing tripping-magnet assemblies, also inter- 
lock and main contact operating lever 


Figure 7 (above right). Elevation view of 
circuit breaker showing arrangement of internal 
parts 


Figure 8. Exploded view of arc rupturing 
compartments showing contact assemblies 


Closing coil and tripping coil are 
operated from the 28-volt d-c system 
which also is provided on the a-c-powered 
airplane, so that undesired operation will 
not occur during momentary faults. 


Conclusions 


This circuit breaker functions much the 
same as circuit breakers for industrial 
systems but weighs only a very small per- 
centage of what a comparable industrial 
circuit breaker would. 

Pressurized are interruption is well 
adapted to circuit breaker performance 
under altitude conditions. 

Effective sealing of the arc reduces the 
fire hazard present with open arcs. 

Unusual high speed action during the 
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Figure 9. Exploded view of closing magnet 
assembly showing the component parts 
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Figure 10. View of moving-contact assembly 
showing springs and contact chambers 


closing and tripping periods has been 
obtained. 

That operation is satisfactory under 
conditions of humidity, sand, dust, vibra- 
tion, altitude, and acceleration normal to 
aircraft has been thoroughly proved. 

It is handy for installation because the 
main lead arrangement is straight through 
and the control leads also are straight 
through at right angles to the main leads. 

Lead terminals, both control and main, 
are shielded against accidental contact 
when this device is mounted in position. 

Space requirements are small, and the 
device weighs only five pounds. 

Design and test experience with this 
type of circuit breaker indicate that the 
same fundamental principles can be used 
for breakers having much higher ratings. 
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N THE PAST, few electrical-engineer- 
ing curricula have offered the under- 
graduate student more than the rudi- 
ments in the study of electric transients. 
Even today many engineering schools 


offer such courses only as graduate work. 


The result is that most engineering 
graduates confronted with such problems 
in connection with their work must ac- 
quire such information by self study and 
experienice. 

Many engineers in charge of the design, 
maintenance, or operation of large power 
systems of today are confronted with 
such problems as the choice, settings, or 
proper operation of such apparatus as 
circuit breakers, relays, and other pro- 
tective equipment. Such equipment must 
operate adequately to protect the appa- 
ratus effectively and yet not cause undue 
interruption of service. Many such prob- 
lems involve the conditions occurring 
during the transient period. Thus a 
clear conception of the nature of the 
changes during such periods is of great 
importance. 

A great amount of valuable research 
work has been done in such studies, and 
a great deal of information is available.1~* 
Some of this material is in the nature of 
explanation or suggested methods of 
procedure, while some is in usable mathe- 
matical form, but most of the literature 
on such studies involves a great amount of 
detail and too often is written for those 
who already have a clear conception of 
the principles involved. 

This paper proposes no mathematical 
study but does attempt to give a simple 
and clear conception of the variations 
that take place in the electric and mag- 
netic circuits of a-c motors and generators 
and reactions between the armature and 
field, as well as reflected reactions be- 
tween them during changes in operation. 
The analysis will be based upon well- 
known fundamental principles, and in 
some cases the results will be compared 
with mathematically derived results 
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found in other papers as well as with 
actual oscillograms. This method of 
arriving at a physical conception of such 
transient conditions has been used quite 
successfully in introducing undergraduate 
students to the more advanced informa- 
tion available. 2 


Method of Analysis 


In order to acquaint the reader with the 
method used in this analysis and also 
present a very brief review of a few rudi- 
ments of the study of electric transients 
for those who have not recently pursued 
such studies, a couple of simple transient 
cases will be analyzed. 

First consider the sudden application 
of a direct voltage, HZ, to a simple series 
circuit consisting of a resistance, R, and 
inductance, L. Using Kirchhoff’s volt- 
age law, the algebraic summation of all 
the voltages involved in the closed loop 
must be equal to zero, which may be 
expressed thus: 


Ri+Ldi/dt=E (1) 


Solving this differential equation for the 
current flowing at any time after closing 
the switch, gives the result, 


i=E/R—(E/R)e~ B/E (2) 


In Figure 1, the oscillograph trace 7 
shows this value at any time after the 
application of the voltage. If a hori- 
zontal line, J, is constructed at a distance 
above the zero line, equal to a current 
value of E/R to the same scale as the 
current 7, it will be tangent to the oscillo- 
graph trace at a time when 7 attains its 
final steady-state value. Also let another 
curve, 7’, be constructed equal to 
—(E/R)e~®” for the various values of 
t after closing the switch. The dashed 
decrement curve below the zero line will 
result. The sum of the ordinates of the 
two constructed curves at any time, ¢, 
always will give the ordinate of the oscillo- 
graph curve, 7, for that time. This agrees 
with equation 2 which states that the 
actual current flowing in the circuit at 
any time after closing the switch is the 
sum of the final steady-state current and 
a hypothetical transient value. 

Next consider that an alternating 
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voltage of E sin (wt + y) is applied to 
the same series circuit of resistance and 
inductance instead of the direct voltage 
EF. Now the differential equation is 


Ri+Ldi/dt=E sin (wt+7) (3) 


and the solution for the instantaneous 
current, 7, at any time, ¢, is 


i=(E/Z) sin (ot +y—6) — 
(E/Z)e-®/E sin (y—0) (4) 


In Figure 2 the oscillograph trace, 2, 
shows the actual current flowing at each 
instant. The constructed current wave, 
I, is equal to E/Z sin (wt+y—6) or the 
current which would have been flowing 
in the circuit during the interval shown, 
had the switch been closed many cycles 
earlier. This coincides with 4 after 
steady-state conditions in the circuit are 
attained. The decrement curve, i’, is 
a plot of —(E/Z)e-®/% sin (y—6). 
Here again equation 4, as well as the 
summation of the ordinates of the con- 
structed curves, show that the actual 
current can be considered the final 
steady-state value plus the transient 
value. ' 

The decaying transient value in each 
of these circuits varies as the logarith- 
mic function of e—* where x in the 
cases mentioned was a function of time f. 
In Figure 3 a plot of e~* for varying values 
of x is shown and appears as a decimal 
factor, the value of which is unity at 
x=0 and drops to zero when x reaches 
infinity. It might be termed one of 
nature’s laws of change which, in simple 
terms, says that the amount of decrease 
taking place at any time is always pro- 
portional to the magnitude at that 
time of the quantity changing. If the 
amount of change were at each instant 
added to the quantity changing, as in 
continually compounded interest, the 
logarithmic factor would be ¢ and 


Building up a direct current in a 
circuit of resistance and inductance in series 


Figure 1. 
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would start at unity when x is equal to 
zero and approach infinity as x approaches 
infinity. Other intermediate types of 
change factors might be such as (eé*+ 


€—*)+2 or cosh x, or (e*—e*) +2), or 


sin x, and so on. 

The method of adding known com- 
ponents, illustrated by the two oscillo- 
grams, often proves to be a rather simple 
and fairly accurate method of arriving 
at the desired results and has been used 
quite extensively by Kurtz and Corcoran 
in their text on transient studies as one 
method of analyzing the transient condi- 
tions considered. 

In the cases of the illustrations given, 
the circuit parameters were assumed 
constant. However, in electric machinery 
where magnetic materials are involved 
and in some circuits where the resistance 
or capacitance might vary for some 
possible reason, a mathematical determi- 
nation of the components or the results 
in any other way is not easy. Such 
components or results sometimes can be 
determined by mathematical means, 
provided the law of the change involved 
is known; they may sometimes be deter- 
mined by a series of very small but finite 
increments using relations known from 
experimental information; or they may 
be isolated from experimental determina- 
tions by the elimination of known com- 
ponents. 

A final word of explanation in the use 
of vectors in this analysis seems also 
desirable. In the study of the effects 
of armature reaction in electric ma- 
chinery, especially motors and generators, 
the final value and distribution of the 
magnetic flux is given by the resultant 
of all of the magnetomotive forces acting 
on the reluctance of the magnetic-flux 
path. 
ponents wound on the circular peripheries 
of the machine cannot be combined by 
assuming each to be a vector quantity, 


Such magnetomotive-force com- 


except as a very rough approximation. 
However, the resulting magnetic field- 
intensity along a given path resulting 
from each magnetomotive force can be 
considered more correctly a vector value. 
The magnetic flux caused by such a field 
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taken 


renti ina circuit of re- 
‘sistance. and induct- ; 


anceinseries — 


intensity vector also can be considered 
a vector in the same direction, though 
not always proportional to the field 
intensity unless the permeability of the 
magnetic path remains constant. 

Since the simplicity of this analysis 
depends to a large extent upon the use 
of vectors and since the method is not 
intended to be mathematically correct, 
the magnetomotive forces will be assumed 
to produce vector field intensities, and 
these in turn will be assumed to produce 
corresponding magnetic-flux vectors, 
which vectors will be combined in the 
usual manner. Where a change of 
permeability of importance must be 
into consideration, a gradual 
change in the length of the vector, ac- 
cording to the known law of change, will 
be assumed. Such assumptions will be 
pointed out at the time they are used. 


Building Up the Rotating Magnetic 
Field of a Three-Phase Induction 
Motor 


A three-phase induction motor stator 
(for simplicity assume a two-pole wind- 
ing) connected to a suitable three-phase 
voltage supply has, after steady-state 
conditions have been attained, a single 
nonvarying rotating magnetic field pro- 
duced by the varying combinations of 
magnetomotive forces of the three phases 
carrying the respective phase currents. 
In Figure 4a the three-phase windings 
Ag Ap, Bg By, Cg Cp, each is represented 
by a single turn in the proper angular 
position with respect to the polarity of 


(a) 


Smith—Transients in A-C Motors and Generators 


™ 
curve * 
i 
yd 


the voltage applied or the direction of 


the current flowing in the coil at some 
definite instant of time. The subscript 
S indicates start and F finish of coil. 


Assume the phase currents shown in ; 


Figure 4b are flowing in the respective 
coils. The directions of the currents 
in the coils at a time indicated by the 
ordinate at ¢ = zero time are identified 
by the usual plus and dot signs in the | 
conductors. The resulting magneto- 
motive force of each phase will produce 
vector values of field intensities (not 
indicated) which would combine to 
produce the resultant field intensity 
Hr. For any time later Hr can be 
proved to remain constant in value but 
to rotate counterclockwise in synchronism 
with the supply. This vector will be 
called the final steady-state field intensity 
and wil! produce the final steady-state 
magnetic field ¢zg shown in Figure 5a. 
This field flux also rotates at synchronous 
speed in the same direction. 

Thus far the assumption has been made 
that the voltage had been applied at some 
earlier time. Now assume that the 
switch is closed at the time indicated by 
the ordinate f = zero. Since the circuit 
is inductive, all currents must start at 
zero, and similar to the case in Figure 2, 
the starting current in each phase will 
be the sum of the steady-state current 
in that phase plus a unidirectional de- 
caying transient current. Both com- 
ponents are indicated in Figure 4b while 
the actual starting currents would appear 


Figure 4(a) and (b). Components of field 
intensities and the three-phase steady and 
transient currents producing them 


(b) 
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give 


_ similar to the starting currents shown in 


Figure 7. 

Likewise the magnetic field must start 
from zero and also can be assumed to 
be made up of the steady-state value 
op, already explained, plus a component 
due to the combination of the magneto- 
motive forces set up by the transient 
currents in their respective coils. 

In Figure 4a the corresponding in- 
stantaneous vector intensity for each of 
these transient currents at t=zero is 
shown in its proper directions and magni- 
tudes, and their vector sum is H7, which 
is equal in magnitude but reversed in 
direction to the rotating vector Hp. 
In Figure 5a the corresponding vector 
¢r is indicated. The sum of ¢7 and ¢p 


is zero at time t=zero, as it should be. 


Unlike the vectors Hp and ¢p which 
rotate, the transient vector H, and 
corresponding flux ¢r remain stationary 
in space, since they are produced by 
unidirectional currents flowing in station- 
ary coils. However, they decrease 
toward zero as time goes on in accordance 
with the decrement currents which cause 
them. 

At any time after t=zero the actual 
magnetic field ¢ can be found by adding 
¢r, Which is in a new angular position, to 
the remaining value of ¢7. Such vector 
additions are shown in Figure 5a for 
angular positions of ¢pg at 45 degrees 
and 90 degrees from the starting position. 

By carrying out such vector additions 
at small angular increments for a few 
cycles of the alternating current, the value 
of ¢ becomes alternately greater and less 
than the final steady-state value but 
rapidly approaches a steady value as 
time goeson. The envelope thus derived 
is shown in Figure 5b, and the samnie 
values of ¢ plotted against time are 
shown in rectangular co-ordinates in 
Figure 6. 

Figure 7 is an oscillogram of the actual 
currents flowing in the three phases of 
the induction-motor stator when first 
excited. These should correspond quite 
closely to curves obtained by adding the 
steady-state and transient values for 
each phase current in Figure 4b. How- 
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Figure 5(a) and (b). 

Components of mag- 

netic fluxes and vec- 

tor combinations to 
instantaneous 
values 


(b) 


ever, in Figure 7 the permeability changes 
in the iron probably have introduced some 
distortions not assumed in Figure 4a, 
and the resulting magnetic-field varia- 
tions also would be slightly altered from 
those shown in Figure 5b and Figure 6. 


Three-Phase Alternator or 
Synchronous-Motor Load 
Changes 


Closely related to the changes just 
described for the three-phase induction 
motor are those occurring when some 
sudden alteration in load takes place in 
the operation of a three-phase alternator 
or synchronous motor. Such an alteration 
may be from no load or part load to a 
much greater load or even short circuit, 
or it may be the reverse from a high load 
to a lower one or to no load. Were the 
machine an alternator the type of load 
might be resistive, inductive, or capaci- 


MAGNETIC 


TIME OR UNITS OF ANGLE 


Figure 6. Variation in magnitude of magnetic 
field in rectangular co-ordinates 


Initial three-phase currents in an in- 
duction-motor stator 


Figure 7. 
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tive. In all cases the inductive nature 
of the machine’s internal wiigere= 3 al- 
ways must be present. 

To illustrate the method of asain 
an alternator operating at no load 
suddenly will have a near short-circuit 
load applied to its terminals. For a clear 
conception of all the changes occurring 
the reader must rely on his knowledge 
of armature reaction in alternators, of 
the effects of the load power factor, and 
the effects of changes in the eam 2 
in the magnetic circuit. 


A two-pole three-phase alternator 
stator shown in Figure 8a, identical to 
the one used in discussing the induction 
motor, will be assumed. The only addi- 
tion will be a two-pole d-c-excited rotor 
operating at some given speed. Again 
the three-phase steady-state currents are 
shown in Figure 8b. If the load switch 
had been closed at the time indicated as 
t=0, the transient component shown for 
each phase is also necessary. At this 
point, however, a radical difference from 
the previous case occurs. The alternator, 
rotating at a constant speed and with its 
d-c-excited field, is generating a rather 
high no-load voltage, while the final 
sustained current shown is caused by a 
greatly reduced voltage in comparison, 
since armature reaction and permeability 
changes have greatly reduced the mag- 
netic flux of the field. Thus the so-called 
steady-state component of current flowing 


in each phase at the instant of closing the 


switch is somewhat greater than the final 
sustained value, and these components 
would be more in the order of those shown 
only as tips of waves in Figure 8b. As 
armature reaction reduces the field flux, 
these currents also will drop off to the 
final steady-state current values. 


In each phase the final sustained value 
of current is assumed as one component, 
as was done in the case of the induction 
motor. A second is the usual unidirec- 
tional decaying current with an initial 
value equal to the value of the sustained 
current at the instant the switch was 
closed but reversed ‘n sign. The decay 
of this must depend upon the resistance 
and inductance of the armature circuit. 
Since the sum of these two will not ac- 
count “or the unusually high values at 
the time the switch was closed, a third 
component must be present. Evidently 
this must be the difference between the 
final sustained current and the so-called 
steady-state value indicated by only the 
wave tips. This component will be a 
full-frequency oscillating current, decay- 
ing with time and with a decay factor 
depending upon the rate of change in the 
field flux, thus is controlled by the re- 
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sistance and inductance of the field 
circuit. This has not been shown as an 
isolated component in the drawing. 


The field-intensity components are 
shown in Figure 8a. The d-c field current 
at no load produces a field intensity of 
H,. The final rotating field intensity, 
Hp, is the armature reaction arising from 
the sustained currents in the three phases. 
The transient intensity, Hy is due to the 
unidirectional currents of the three 
phases. As there is still another com- 
ponent in each phase of the armature 
which must have an armature reaction 
effect upon the field, it will rotate with 


the field similar to Hp but will decay to ° 


zero as the sustained armature currents 
are approached. This component will 
be accounted for by a decrease in the 
value of the flux generated primarily by 
the d-c field current. 

Figure 9 is a typical equivalent single- 
phase vector diagram for the alternator 
showing the armature current and all the 
various voltages and voltage loss com- 
ponents, as well as the no-load field flux 
¢ proportional to H,, ¢p proportional 
to Hp, and ¢r proportional to Hy. The 
no-load voltage E, is generated by ¢p. 
As explained in the discussion on the field- 
intensity components, a portion of the 
¢o is lost because of the high initial arma- 
ture currents and the resulting: excess 
armature reaction. Reducing ¢, by the 
amount of this loss leaves ¢p the final 
steady-state flux due to the d-c excitation. 
This combines with the armature reaction 
flux ¢p to leave ¢g as the remaining flux 
to generate the internal generated voltage 
E,, a part of which is lost in the winding 
impedance to leave Ez at the terminals. 
The final steady-state current is J which 
must be in phase with ¢z and the near 
short-circuit power-factor angle is 0. 

To explain further the lost component 
of field flux, refer to the typical partial 
hysteresis loop, Figure 10, showing both 
increasing and decreasing field-excitation 
values. Assume the no-load condition 
to be at the maximum point with A) 
excitation due to the d-c field resulting 
in @. as the total flux. The initial arma- 
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t=ZERO 


(b) 


Figure 8(a) and (b). Components of field in- 
tensities and the three-phase steady and tran- 
sient currents producing them 


Oo 


Figure 9. Equivalent single-phase alternator 
vector diagram 


ture current reduces the excitation by the 
amount of H, with the flux following 
the upper saturation curve. As the 
armature current drops in magnitude to 
its final steady-state value, the armature 
reaction reduces to Hp, and the flux 
value increases on the dashed curve to 
the final value of dg. Had this reversal 
not occurred, the saturation would have 
remained on the upper curve and would 
have been greater by the component of 
gy. Thus the flux ¢, equal to ¢,—¢r 
was lost due to the changes in perme- 
ability. 

In Figure lla the flux due to the no- 
load d-c excitation is shown as ¢,, the 
steady-state armature reaction at the 
instant of f=zero is shown as ¢go, and 
the transient of the armature reaction 
values as ¢p. The vector sum of these 
three is evidently ¢,, as it should be. 
After ¢r has rotated through 45 degrees 
to pm, the d-c excited field has rotated 
to ¢. Notice that ¢; is less than ¢, by 
a fraction of ¢, indicated on the field 
decrement curve of Figure 12 for the time 
angle of 45 degrees. Also $7, though sta- 
tionary, has decreased to T, by an amount 
indicated on the armature decrement 
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~ second step is shown 


ue dg; at 


Bes oa 
pet 


rotation, giving the sum 
T, as the instantaneous valt 

By carrying out such vecto: 
tions for small increments over a few 
cycles, the polar diagram envelope of the 
flux variations is shown in Figure 
The flux value starts to decrease rap 
but pulsates for a short interval, finally 
reducing to a steady rotating value of ¢¢. 

This varying flux is replotted in rec- 
tangular components inthe graph A ~ 
of Figure 13. In the graph B the — 
various voltages acting in the d-c field 
coils are shown. Before the load is thrown ~ 
on the alternator the direct voltage alone 
causes field current to flow. Just after 
throwing the load on, armature reaction . 
causes a rapid decrease in the field flux — 
¢,, Which change in flux induces a con- | 
siderable voltage in the field coil. Be- | 
cause the flux value alternates, the in- — 
duced voltage also alternates. The 
voltage is maximum when the flux is 
changing most rapidly and is zero when 
the flux is at a high or low point and not 
changing. The inductive nature of the 
field circuit will not allow the field current 
to change instantly, thus a transient com- 
ponent of voltage also must be present. 
This must have an initial value equal to 
the initial induced voltage but of the 
reverse polarity. The decrement factor of 
this transient voltage will depend upon 
the d-c field coil inductance and re- 
sistance. 

When the ordinates of all of the com- 
ponents of voltage at each instant of 
time are added, the resulting curve is the 
actual voltage acting in the field circuit 
to cause current to flow. Thus the field 


Figure 10. Typical partial hysteresis loop for 
alternator 
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Figure 12. Armature and field decrement 


curves 


current would be a similar curve, but 
lagging the voltage by some amount. A 
comparison of this constructed field- 
voltage curve with the field-current waves 
of oscillograms shown in Figures 14 and 
15 shows the same characteristics. 

The oscillogram in Figure 14 shows the 
voltage across one phase, the three-phase 
currents, the d-c field current, and the 
air-gap flux on a rotating-field type of 
alternator. Figure 15 shows the same 
values taken on a machine with stationary 
field poles and a rotating armature. This 
machine has a rather strong 11th har- 
monic due to armature slots. 

The lower trace in all alternator oscillo- 
grams shows the actual value of the air- 
gap magnetic flux recorded by means of a 
bismuth-bridge type of magnetic-flux 
meter.4-!© Using this with a stationary- 


ee eee Figure 11(a) and (6). 
5 Components of mag- 


netic fluxes and vector 
, combinations to give 


instantaneous values 


(b) 


pole type of alternator as in Figure 15 
shows the rapid decrease of the flux due 
to armature reaction at the center of the 
pole face. On the leading tip the decrease 
is even more rapid, while on the trailing 
tip the flux often rises above the no-load 
value before it decreases, indicating flux 
distortion. In Figure 14 the increase in 
flux just after load is thrown on is caused 
by the position of the probe under a 
trailing pole tip at that instant. 

Many attempts have been made to 


express mathematically the armature and - 


field currents during such transient 
periods. Doherty and Nickle® give the 
following equations for the armature 
currents in phases A, B, and C: 


ene, Xa—Xa’ 
i4=— cos (wt—a) +, — >< 

Xa Xa Xa 

gtk 
€— 7st cos (ci soeene ce ; =p gat 
2%q Eat 
= —agl 
cos atte oe - ne 2" cos (2wt—a) (5) 


i4p= same as phase A except for the use 
of (a+27/8) instead of a (6) 


1¢=same as phase A except for the use 
of (a+4r/3) instead of a (7) 


Each phase current is made up of the 
algebraic sum of the four components 
shown. The first is the sustained value 
of current and corresponds to the sus- 
tained value of current in Figure 8b. 
The second is a full-frequency decaying 
current caused largely by the high no- 


Figure 13. Magnetic-field variations and 
voltage components in field winding 
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t ~s 
load voltage, and decays as the armature 
reaction reduces the field flux to its final 
steady-state value. The coefficient of 
its decay factor a7 depends upon the field- 
circuit constants. This component was 
accounted for by the loss of flux ¢,. 
The third factor is the unidirectional 


‘decrement corresponding to the decre- 


ment curves in Figure 8b. Its initial 
magnitude is equal to, but of the opposite 
polarity to, the instantaneous value of 
the sustained current corresponding to 
the point on the voltage wave at which © 
the load switch was closed. The coeffi- 
cient of its decay factor o, depends upon 
the circuit constants of the armature 
circuit. The fourth factor, which is 
usually not very large and is absent or 
nearly so in some types of generators is 
a double-frequency component, the decay 
of which depends upon the armature 
constants. No attempt was made to 
indicate this in Figure 8b. This com- 
ponent often appears in salient-pole types 
of machines which have no damper 
windings. There are possible sources 
for many small-scale variations other 
than those mentioned, as changes pro- 
duced in the field by armature reaction 
will in turn cause altered generated 
voltages and currents in the armature. 
These in turn will further alter the field. 
There is no limit to the reflected effects 
back and forth between armature and 
field, but fortunately each succeeding re- 
flection rapidly decreases toward zero. 

The same authors give the field-current 
equations as 


, 
5 Xa—Xa 
1y=Cy t+€o 
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This equation might be altered thus 
(9) 


where K is a constant depending upon 
the reactances involved. Here the three 
components are shown similar to the three 
components of voltage in Figure 13. The 
first is the current due to the direct 
voltage, the second is the unidirectional 
decaying component, the decay of which 
depends upon the field-circuit constants, 


ip=Ig+KI,€~f' —KI,€~*' cos wt 
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the third is the component due to the 
full-frequency alternating induced volt- 
age, the decay of which depends upon the 
armature circuit constants. 

Doherty and Nickle express all initial 
current components in terms of the no- 
load voltage e,, assuming no saturation, 
and a percentage factor derived from the 
reactance acting, as the resistance of an 
alternator is usually so low its effect may 
be neglected in such factors. Thus the 
final steady-state current is the ideal no- 
load voltage e, divided by the direct-axis 
’ component of synchronous reactance xq. 

A brief comment on the various react- 
ances used in such mathematical studies 
might be of value here. In any circuit 
the current for a given voltage is limited 
by the impedance of the circuit. Each 
component of the impedance will absorb 
a proportional component of the total 
voltage, and the countervoltage of each 
reactance through which the current 
flows will just balance a corresponding 
component of the voltage applied. The 
reactance is then the ratio of that com- 
ponent of voltage to the current. 

Referring to the armature current 
tracings in oscillograms such as Figures 
7, 15, or 16, the impedance, or reactance 
if resistance is neglected, must con- 
tinually vary from instant the switch is 
closed to the time when final steady-state 
conditions prevail, if the generated 


voltage is to be assumed constant. Since 
constant values of reactances are desired, 
certain limiting values are used. Further 
subdivisions of the reactances also are 
used. For example, synchronous react- 
ance is a function of the armature current 
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Figure 14 (left). Oscillogram of transients in 
an alternator with rotating field poles 


Figure 15. Oscillogram of transients in an 
alternator with stationary field poles 


magnetomotive force, largely acting as 
armature reaction. At any given power 
factor of the load the armature magneto- 
motive force, which has been assumed to 
produce flux ¢p in Figure 9, might be 
considered as the resultant of two com- 
ponents, one acting on the axis of the main 
field, producing a demagnetizing action, 
the equivalent reactance of which is 
termed direct-axis synchronous reactance 
xq, and the other acting at right angles 
to the main field, causing flux distortion 
of the main field, the equivalent reactance 
of which is termed quadrature-axis syn- 
chronous reactance xy. 

Thus the direct-axis synchronous react- 
ance xq for the balanced steady-state 
conditions might be defined as the ratio 
of the fundamental component of the 
reactive armature voltage, due to 
the fundamental direct-axis component 
of armature current, to this component 


Figure 16 (left). Oscillogram of transients in 
an alternator suddenly loaded with three-phase 
inductive load 


Figure 17. Oscillogram of transients in alter- 
nator suddenly loaded with a three-phase ca- 
pacitive load 
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of armature current, at rated frequency. 
The quadrature-axis synchronous re- 
actance is defined in a very similar 
manner. 

The reactance during the first several 
cycles after short circuit must be lower 
than the steady-state value, as the cur- 
rent is higher, which gives rise to the term 
transient reactance x’. This might be 
defined as the ratio of the fundamental 
component of reactive armature voltage 
due to the fundamental component of the 
armature current to this initial com- 
ponent of current at the time short circuit 
occurs, providing such current follows the 
normal decrement curve of the decreasing 
This initial value of current 
must be obtained by projecting the 
normal current transient back to the time 
of closing the switch. For most ma- 
chines, and especially for those having 
damper windings on the rotor, the first 
two or three cycles do not follow the 
normal decrement curve but are ab- 
normally high, though they decay rapidly 
down to the normal decrement values. 
For this portion of operation the re- 
actance is still less and is accounted for by 
a subtransient reactance x’’. This is 
the ratio of the generated voltage to the 
highest initial value of current which was 
produced at the instant of closing the 
switch. Such initial values are only the 
average of all three phases. 

In practice both of these again are 
divided into the direct, xg’ and x,/’, and 
quadrature, x,’ and x,’’, values. All of 
these terms are defined in the AIEE 
“Standard Definitions of Electrical 
Terms”’ and may be determined by tests 
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Figure 18. Single-phase short circuit on a 
three-phase alternator with rotating field poles, 
symmetrical type 


or calculation, as proposed by various 
authors.?—12 

_ Closely related to the reactance values 
in their importance during the transient 
period, are the decrement factors or their 
reciprocals, termed time constants T. 


In equation 2 the decrement factor is* 


R/L, while the time constant is L/R 
and is a factor which gives an indication 
of the time required for the decreasing 
term to approach zero. In modern a-c 
machinery the reactance x which is a 
function of the inductance LZ purposely 
is made large either in the design of the 
machine or by introducing reactance in 
some part of the circuit, in order to limit 
the currents under short-circuit condi- 
tions. This can be done since the 
voltage regulator will maintain a constant 
voltage under steady conditions. The 
resulting large time constant causes the 
transient condition to persist for a con- 
siderable period after such changes, up 
to several seconds. The persistence of 
such high currents often may require 
higher settings on protective equipment 
than otherwise would be desired. 

Many other transient conditions in 
alternators or synchronous motors might 
be analyzed in a similar manner. Two 
other oscillograms of such conditions are 
shown. Figure 16 shows the voltage, 
armature currents, field, and air-gap 
flux for the same alternator used for 
Figure 14, except that it is suddenly 
loaded with a highly inductive air-core 
inductance load. Here the inductance 
requires energy from the generator for a 
portion of the cycle and returns the 


energy the next half cycle. The resulting 
armature reaction in reducing the field, 
both during the transient period and 
after, is less than for the near. short 
circuit. Figure 17 again is the same 
machine suddenly loaded with a capacity 
load. Here the capacity causes the cur- 
rent to lead the voltage, which gives a 
decided increase in the air-gap flux due 
to armature reaction. 


Load Changes ina Single-Phase 
Alternator 


The single-phase alternator proves 
quite interesting as a study of inter- 
related electric and magnetic fields, both 
under transient conditions as well as 
steady-state conditions. The theory is 
also important since faults often result 
in single-phase operation for their dura- 
tion. The usual distortions in the voltage 
and current waves when using one phase 
of a three-phase alternator for careful 
tests may introduce considerable error 
in the results. The same is true for any 
single-phase alternator, unless it is 
specially designed to give a fair sine 
wave at all loads. 

Such an alternator has the usual d-c 
excited field but has only one armature 
winding which usually does not use the 
whole periphery of the armature core. 
As the field rotates 180 electrical degrees 
for each half cycle, the armature reaction 
on the field always acts in the same direc- 
tion, causing a continuous double- 
frequency pulsation in the field flux. 
When the load on such an alternator 
suddenly is changed or the alternator is 
short-circuited, two possible types of tran- 
sient relations are possible. In the first, 
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Figure 19. Single- 
phase short circuit on 
a three-phase alter- 
nator with stationary 
field poles, sym- 
metrical type 
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Figure 20. Single-phase short circuit on a 
three-phase alternator with rotating field poles 
asymmetrical type 


or symmetrical case, fairly perfect exam- 
ples of which are shown by the oscillo- 
grams in Figures 18 and 19, the load 
switch was closed at a point on the volt- 
age cycle at which, under steady-state 
conditions, the current value would have 
been zero, and the second, of which 
Figure 20 is a typical example, where 
the switch was thrown at a point on the 
voltage cycle where the steady-state cur- 
rent would not have been zero. This will 
be termed the asymmetrical case. 

In making an analysis of these single- 
phase cases, certain assumptions again 
will be made which would alter the final 
general results only slightly. First the 
current waves will be assumed to be sine 
wave in shape, and second the effects of 
iron saturation will only be approxi- 
mated. 


Symmetrical Case 


If the switch of a series resistance and 
inductance circuit is closed at a point on 
the voltage cycle when, under steady- 
state conditions, the current would have 
been zero, the usual inductive type of 
transient as in Figure 2 will not be_ 
present; the current will start at zero 
and continue at its final steady-state 
value. However, in the case of the single- 
phase alternator, as in the three-phase 
case, the no-load field flux and generated 
voltage are much higher than after the 
armature reaction has been able to re- 
duce the strength of the field. Because 
the voltage is high at this first instant, 
the current also will be high but will 
drop as the armature reaction becomes 
effective in reducing the field. There 
then will be a decay of the armature cur- 
rent value but an equivalent decay will 
occur on both the positive and negative 
halves of the wave, and the resulting 
current will be symmetrical with respect 
to the zero. 

Such a decaying alternating current in 
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Figure 21. Armature and field components 
and their phase relations in a symmetrical 
single-phase alternator short circuit 


a single-phase alternator is shown as the 
top constructed curve in Figure 21. 
Since the d-c excited field, because of its 
rotation is always in a position to receive 
the same armature reaction effect for 
both polarities of the armature current, 
the magnitude of the flux will have two 
pulsations per cycle. If the usual short- 
circuit conditions are assumed the 
reaction will be to cause the flux to de- 
crease most when the current is maxi- 
mum, and the resulting field flux curve 
construction will be as shown by the 
second curve. 

The variations in the field flux will 
generate a voltage in the d-c field winding 
of the same frequency and of a corre- 
spondingmagnitude. Thispulsatingvolt- 
age is indicated as a dash curve in the 
lower set of curves. Since the field cur- 
rent and thus the field voltage must 
start at the no-load value and cannot 
jump instantly, the usual unidirectional 

decrement voltage, shown as a dash 
‘line, also must be present. The sum 
of the d-c, the pulsating, and unidirec- 
tional decrement components of voltage 
will give the actual voltage acting on 
the field circuit as shown by the full-line 
oscillation. This corresponds very well 
with the actual field current in oscillo- 
grams, Figures 18 and 19. 


Asymmetrical Case 


If the load switch is closed at a point 
on the voltage wave when, under steady- 
state conditions the current would not 
have been zero, then the type of transient 
shown in Figure 2 will be present. How- 
ever, the effect of the high no-load voltage 
will amplify the magnitude of the current 
peaks, both positive and negative, just 


68 TRANSACTIONS 


Sf 


after closing the switch, but this excess 
current will die away to the final steady- 
state current after armature reaction has 
reduced the field flux to its final steady 
pulsating value. The upper curve in 
Figure 22 shows such an armature cur- 
rent curve. The second constructed 
curve is that of the resulting field flux 
because of armature reaction. In the 
lower set of field-circuit voltage curves, 
the pulsating induced voltage component 
due to the field-flux pulsations, and also 
the unidirectional decrement component, 
are shown in dash lines. Again the sum 
of these components, together with the 
direct voltage, gives the full-line curve 
as the actual voltage acting in the field 
circuit which corresponds well with the 
field current in oscillogram, Figure 20. 

The induced voltage in the field cir- 
cuit, as well as the current component 
resulting from this voltage, could have 
been further subdivided into a sustained 
pulsation at double-frequency component 
and a full armature-frequency pulsating 
component which decays with a decre- 
ment factor, depending upon the arma- 
ture circuit constants. 

Again Doherty and Nickle’ have 
worked out quite complete and reasonably 
accurate equations for the armature 
field currents, as well as for the open- 
circuit voltage where a _ three-phase 
generator is supplying a single-phase 
load. For the armature current in the 
symmetrical case they give 


: nS iP, F 
i=2ke, — sin wt+2ke,—e-%'sin wt (10) 
if ef) 

and for the asymmetrical case 

| =2ke Lion 2k : 

= —_— % — — 

on’ cos a Co x 
fe 
cos (wt-+a) —2ke, ae cos (wt-+a) (11) 


In the symmetrical case, equation 10, 
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Figure 22. Armature and field components 
and their phase relations in an asymmetrical 
single-phase alternator short circuit 


.the current is made up of the alternating 


sustained value plus an alternating value 
at the same frequency but decaying with 
a decrement factor depending upon the 
field-circuit constants. This second com- 
ponent is due to the high no-load field 
causing a high armature voltage and cur- 
rent at the instant of closing the load 
switch but dies away as armature re- 
action reduces the field. In the asym- 
metrical case, equation 11, the last two 
terms are components similar to those of 
equation 10. The additional first term 
is a unidirectional decaying component 
with a decrement factor depending upon 
the armature-circuit constants, with the 
initial magnitude depending upon the 
point on the voltage wave at which the 
load switch was closed. These compo- 
nents correspond very closely to the 
components necessary to give the arma- 
ture currents assumed in Figures 21 and 
22 respectively. 

For the symmetrical case they give 
the field current as 
FP FK 


7 tee tat aie 7% 
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and for the asymmetrical case 
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Thus the actual field current of equation 
12, similar to the field voltage shown in 
Figure 21, is made up of a steady d-c 
component, plus the usual decrement 
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component, where a change in direct 
current takes place, plus a sustained 
double-armature-frequency pulsating 
component caused by armature reaction 


a similar double-frequency component 
which decays with a decrement factor 
depending upon the field circuit constants. 
This component is the result of the 
decreasing armature current as it reduces 
to the final sustained value. 


a 

The field current of equation 13 similar 
to the field voltage of Figure 22 consists 
of four similar components plus a fifth 
_ decaying component, the decay of which 
depends upon the point on the voltage 
_ wave at which the load switch was closed. 
; 


Notice that this is the full-frequency 
component before mentioned. All of 
the components in the equation are not 
_ shown as definitely separate components 
4 in Figures 21 and 22. 


_ The constants in equations 10 to 13 are 
q all rather involved factors made up of the 

various reactances of the machine and 
can be found in the original article; thus 


they will not be given here. 


One additional observation might be 
mentioned. The voltage across the open- 
circuit phase in Figures 18, 19, and 20 
are very distorted, and the phase current 
likewise is distorted. This is charac- 
teristic of single-phase loads on alter- 
nators not specially designed. The 
generated voltage is a function of the 
magnitude of the field flux and speed of 
rotation. If the magnetic flux is constant, 
the constant speed will generate a good 
sine wave shape of voltage. However, 
when the field flux is pulsating because 
of the single-phase armature reaction, 
at one instant the rate at which armature 
conductors are cutting flux is increased 
above that due to rotation by the increase 
in flux value and will generate a high 
peak of voltage, while at the next quarter 
cycle the flux is decreasing, which tends 
to decrease the total flux cutting action 
with the result that little or no voltage 
is generated at this time. Rather high 
voltage peaks may be the result, es- 
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of the sustained armature current, plus. 


pecially at the instant just after the load 
switch was closed. 


Conclusion 


No claim is made in offering more than 
a very approximate method of arriving 
at definite values in transient conditions 
of this nature. Other workers have 
covered quite adequately the more ac- 
curate mathematical phases. However, 
the analysis does attempt to offer a 
simple means of visualizing what to 
expect in such cases and of comparing 
the component parts thus visualized to 


_ the mathematical components derived by 


others. In short, the author has at- 
tempted first to offer a reasonably simple 
means of interpreting and visualizing the 
changes which result in such cases for 
the station operator or engineer who has 
little interest in knowing the magnitude 
of results and, second, to help acquaint 
the engineer who must deal with such 
magnitudes with the aid at his disposal, 
as well as to offer him a simple means of 
visualizing the components and reasons 
for components involved. 


Nomenclature 


R=total series resistance of the circuit in 
ohms 
L=total inductance in circuit in henrys 
€@,=no-load voltage generated by the alter- 
nator, assuming no saturation 
%q= three-phase line-to-neutral synchronous 
reactance on the direct axis 
%q’=three-phase line-to-neutral transient 
reactance on the direct axis 
%q=three-phase line-to-neutral synchronous 
reactance on the quadrature axis 
%_’=three-phase line-to-neutral transient 
reactance on the quadrature axis 
w=2zaf, where f is normal frequency 
wt=angle in radians at time ¢ 
a=displacement angle between armature 
winding axis and axis of field pole 
at time of closing the switch 
y=angle between time of zero voltage and 
time of closing switch 
6 = phase angle between current and voltage 
44=current in phase A of alternator 
ig=current in phase B of alternator 


Smith—Transients in A-C Motors and Generators 
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ig =current in phase C of alternator 

t=current in d-c excited field winding of 
alternator 

%q=decrement factor of armature circuit, a 
function of armature resistance and 
inductance 

gy=decrement factor of field circuit, a 
function of field resistance and 
inductance 

Other constants are explained in text. 
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igkeune: Performance of 990- Kv 


Transmission [nese 


_ AN AIEE COMMITTEE REPORT 


HE LIGHTNING performance of 

high-voltage transmission lines in the 
nominal 220-kv class was presented in a 
paper! before the Institute in 1935. That 
report presented data on the construction 
of these lines as well as their operating 
performance from a lightning viewpoint. 
There were then only ten companies 
operating transmission lines in the 220-kv 
class, and the significant data on all these 
companies’ lines were reported. 


The collection of data at one time and 


presentation in one place on the perform- 


ance of these lines were of such interest 
and value in the transmission field that 
the committee recently was requested to 
bring the record up to date. Complying 
with this request, the committee is pre- 
senting this present paper. To obtain 
the data on which the present record is 
based, questionnaires were sent to 13 
companies which were known to have 
lines built for operation in the 220-kv 
range, and replies were received from all 
13 companies. The questionnaire, which 
was set up carefully by the lightning and 
insulator working group, comprised a 
total of 36 questions dealing with line 
construction, lightning outages, features 
used to improve lightning performance, 
and other features of the lines believed 
significant in studying and evaluating the 
lightning performance of the lines. 


Purpose and Scope 


The purpose of this report is, as just 
mentioned, to bring up to date the record 
of the lightning performance of lines in 
the 220-kv class. In presenting the data 
the lightning outage record, which was 
given on transmission lines reported in 
the previous paper,! has been continued 
to 1944 inclusive, and in one or two cases 
the major part of the record for 1945 is 
included. The record includes data from 
all companies in the United States and 
Canada known to be operating lines in 
the 220-kv class. 

The plan of this paper is to present most 
of the data which are considered pertinent 
to the lightning record of the line and to 
comment on and compare in some cases 
the relative benefits of various factors 
which are known from experience and be- 
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lieved by theory to be conducive to better 
performing lines. 

Another feature of ane which it was 
expected would appear in replies to the 
questionnaire was- any unusual means 
taken to improve lightning line perform- 
ance and the benefits actually obtained. 
In addition to giving the outage record of 
the lines involved, the discussion presented 
herein gives the committee’s evaluation of 
the effectiveness of different features of 
line construction. However, it is recog- 
nized that with so many variables in- 
fluencing the lightning performance of 
lines of this type, opinion may differ as 
to the relative merits of different remedial 
measures which have been taken in actual 
line construction. Therefore, practically 
all of the data received from the contribu- 


' tors have been presented, so that anyone 


who chooses may study and analyze them 
in his own way. 


Presentation of Data 


Practically all the data which are con- 
sidered pertinent to the subject at hand 
are included in Table I. In all cases the 
data are presented practically as submit- 
ted by the separate companies involved 
but may differ in minor features where the 
questions asked or the replies received 
were not wholly clear. Although the lines 
in this table are referred to as nominal 
220-kv class, it should be pointed out 
that one (reference 2) operates at 190 
kv and two (references 14 and 15) at 
287.5 kv. 


Paper 46-16, recommended by the AIEE committee 
on power transmission and distribution for presenta- 
tion at the AIEE winter convention, New York, 
N. Y., January 21-25, 1946. Manuscript sub- 
mitted November 16, 1945; made available for 
printing November 21, 1945. 
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electric power companies for their prompt co- 
operation in supplying the records on which this 
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efforts in compiling the data for analysis. 


Lightning Performance of 220-Kv Lines 
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Discussion of Data 


- A brief summary and discussion of tt 
outstanding features of line cossteaT tery 
and line performance are presented. For 
convenience of analysis, however, some 
of the various factors which influence 
lightning performance have been -segre- . 
gated and discussed separately. It is 
realized that the effect of any one of these . 
factors is so interlaced with that of the 
others, that it is not possible to evaluate. 
definitely its influence from the insufficient — 
data available. 


Structural and Related Features 


LOCATION OF LINES 


The lines reported on are located in 
lightning territory which ranges from very 
light to heavy, the isokeraunic levels 
ranging from 5 in California to 45 in 
Illinois, but none being in the 70 to 90 
range of the extreme southeastern section 
of the country. The isokeraunic levels 
shown in column 25 of Table I were taken 
from the United States Weather Bureau 
isokeraunic map.* The lightning severity, 
reported by each company is in column 24. 

The average elevation of each line above 
sea level is given in column 21. These 
values range from 68 feet in California to 
8,020 feet also in California. These 
figures are not considered particularly . 
significant: first, because elevation above 
sea level in this range is not believed to 
have any appreciable influence on light- 
ning frequency and severity; and sec- 
ondly, because lines shown located in low 
average terrain may, and in some cases 
do, have part of their length in high- 
elevation country. 

The types of country traversed by the 
lines (column 22) range from flat to roll- 
ing, hilly, and even mountainous. Most 
of the lines are in rolling to hilly country. 

The average height of top conductor 
above ground (column 37) varies from 37 
feet to 122 feet, the higher figure being on 
a 2-circuit line where right-of-way diffi- 
culties controlled. The more general 
range of top conductor elevation is from 
about 55 to 85 feet. 


TOWERS, CONDUCTORS, AND OVERHEAD 
GrRouND WIRES 


Towers. The towers may be classi- 
fied in three general types, as illustrated 
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in Figures 1, 2, and 3. Figure 1 is a 
 single-circuit line with conductors hori- 

_ zontally arranged. About 73 per cent of 

all the lines reported have this arrange- 

ment. Figure 2 isa double circuit struc- 
ture with conductors vertically arranged. 
About 26 per cent of the lines have this 
arrangement. A part of only one line 
was atranged as in Figure 3, or about 1 
_per cent of the lines reported. 


Line Conductors. The line conduc- 
tors vary from 500,000 circular mils to 
1,034,000 circular mils, with one line 1.4 
inchin diameter. About 85 per cent of the 
lines have aluminum conductor steel re- 
inforced conductors, and 15 per cent cop- 
per. 


Overhead Ground Wires. About 14 
per cent of the lines reported have no 
overhead ground wires, except that two 
lines have wires extending out one mile 
from the terminals. About 19 per cent 
have one overhead ground wire, and about 
67 per cent have two overhead ground 
wires. The material is steel, aluminum 
conductor steel reinforced, Copperweld, 
and copper in the proportion of about 63 
per cent, 16 per cent, 11 per cent, and 10 
per cent respectively of the lines with over- 
head ground wires. The sizes vary for the 
steel wires from 3/8- to 3/4-inch diameter, 
for the aluminum conductor steel rein- 
forced from 184,000 to 203,000 circu- 
lar mils, for the Copperweld from 3/8- to 
1/2-inch diameter, and for the copper 
from 2/0 to 4/0. 


INSULATION 


Insulator Strings. In columns 12 
and 13 of Table I are given the number of 
insulator disks and spacings between 
disks. The spacings vary from 4%/, to 
61/. inches. In order to place these on a 
comparable basis, so that published flash- 
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Figure 1 (left). Typ- 
ical 220-kv single- 
circuit tower 


Figure 2. Typical 
220-kv double-cir- 
cuit tower 


GROUND cee 
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over data may be used, the suspension 
strings are reduced to equivalent number 
of units spaced 53/, inches apart (column 
59). It will be noted that these vary 
through a wide range, from approximately 
10.6 to 18.4 units for lines operated at 220 
to 240 kv, 8.4 to 12.3 units for lines 
operated at 190 to 200 kv, and 21 units 
for the 287-kv lines. 

The critical flashover values of the in- 
sulator string? based on the 1.5x40 posi- 
tive impulse wave are given in column 60. 


Clearance to Structure. In column 57 
is given the clearance to the tower with 
the conductor swung from the vertical 
to the angle given in column 58. These 
angles are 80 degrees, except in one case 
in which the angle is given as 45 degrees, 

In column 61 are given the critical 
flashover values based on the 1.5x40 posi- 
tive wave, assuming that the conductors 
are swung to the angle given in column 
58. The rod gap values? are used to ob- 
tain the flashover values. 

It is believed that under the wind and 
loading conditions prevailing in the 
lightning months, a 30-degree swing is 
ample to cover practically all cases. 


AVERAGE SPAN 


Average span lengths range from 590 
feet to 1,320 feet or 9 to 4 towers per mile. 
The general average for all lines reported 
is in the order of 1,000 to 1,100 feet, or 
about 5 towers per mile. 


GRADING AND ARCING DEVICES 


The practice varies in the use of devices 
to grade the voltage on the insulator string 
or to take the are on flashover. Some 
companies report using grading rings 
(column 26) or'rings and horns, and others 
report horns only. In the light lightning 
severity territory of California, horns, 
or rings and horns, are used even for the 
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early lines built between the years 1914 
and 1923. 

A number of companies report not using 
any grading or arcing devices, particu- 
larly where lines have been built in the — 
last 15 years or so. It is suggested that 
the reason for the omission of these de- 
vices may be the high immunity from in- 
sulator and conductor damage experienced 
in service. This in turn possibly may be 
the result of faster clearing of faults over 
the insulator strings by high-speed circuit _ 
breakers or shortened relay time. It 
seems from the record that the use of 
grading shields and arcing devices on the — 
newer lines generally is being abandoned. 


Analysis of Lightning Performance 


The three most important features of 
line construction that correlate most 
closely with actual lightning performance, 
although not necessarily in their order of 
importance, are thought to be: 


1. Use and location of overhead ground 
wires. 

2. Insulation. 

3. Tower footing resistance. 


LINE OUTAGES — 


The actual line outages are shown in 
column 54 for all lines. These have been 
reduced to a 100-mile-per-year basis in 
column 55 and to an isokeraunic level of 
50 in column 56. On the 100-mile-per- 
year basis, actual outages vary from a 
high of 11.5 to a low of 0, with an average 
of about 2.30. The high figure of 11.5, 
references 7 and 7A, comprises the record 
of a line which initially was built and 
operated without ground wires and was 
located in a heavy lightning territory. 
It is interesting to note that this line, since 
protective features such as ground wires, 
counterpoises, and so forth, were installed, 
has a record for the past four years of 1.2 
outages per 100 miles of line per year. 

In case of 2-circuit lines, the single- 
line outages only usually are considerably 


Figure 3. Special 
220-ky single-circuit 
tower 
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1. Suspension assemblies: 12 units after 1943-44. 7. 1 mile of ground wire at terminals only. 12. 142 miles: 2 cirenits in 1996: “landless Gee 
2. First value suspension; second value dead end. 8. 20 per cent porcelain, 80 per cent glass. cuit added in March 1944, 29 miles: 2 circuits 
8. Armor rods on 25 per cent of line. 84. Apparently now being added. added in April 1944, 

4. 57 inches after 1943-44. 9. Experimental devices on 25 per cent of line (not 13. Data from 1935: 220-kv paper. 

Pi fe See ores diag 1 aca oe 14. Except 43 miles of single circuit. 

5. 10.5 after 1943-44. 2 circuits per tower, ; : : 15. See note 23. 


6. 637 towers: 1 circuit per tower. 124 towers: 11. 60 miles in 1923, 9 miles added in 1925, 14 1° stimated. 
2 circuits per tower. miles added in January 1944. ; 17. To August 1, 1945. 
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ate ior Table I. Lightning Performance and Design Feature of 220-Kv Lines (Continued) 


FS tia WIRE SPACING AT LIGHTNING OUTAGES ax40usec] = 
i ad ug a TOWER FEE T-MIN) wie ONE CIRCUIT 7 TWOCIRCUIT ; CRITICAL |, LY 
> Piezo |_-COND. | TO z9 
4» Sede2 & |Horiz.[VERT|NORIZ [VERT] au 
is zs sé i=) ay 
2 3 )F2eS| 22 a = 
ZSkslee/a 2 aa 
Saprycziceg Ba 
o o 
Seri ROS ES ane eer seaae ee eee 3 
ist [52 | 


a7 


2 bie eel | 
Fals| | if ol -[isleal se lod eee By 
acane nF elias 
238/136 2 (12) aid 1425 (1445 7, 
BscHas SISREIEL 
28.5]14.8 (8) | (18) | (18) 8) | (18) 425 ]1405| 44 
285]148 


14480 /1405/44 | 
1360 |!'4753|8A 
49 
Maes 5/5 [+9 
aes 


"05 


(18) (18) 
jo 73 
ra 
° paras’ 


w 
°o 


a 


4:5 


(ie “Te) (ie) 
2 ]15 [GR ‘aio 0/0 }0/0}0/0}0 0|0/0|0/0 | 0/0 |o/o RWS 
GG)} (i6)} (le) 
oo} 2/15 1GR 10 |2/0 |3/0 14/0 }0/0 | 7/0 }O/o j4/t J1/o Ji/o jo/2 i/o 
a0) 
No AS) lee ATR i ay! | 
NO 87 | 273 
0/0 {i/o |o/o|a/o}t/o}1/o 2/oj1/O}1/0}1/\ eg 15/0 08|0 11/0 08] 11/08 
87 | 27.3 


/0 
| =| - | - Ja] 


|| — | no} 
|| — | wo | % 0 
rer 10.8 {1/0010 sho 110 |2/0|170 loro lve ie 
[| — | no GE 

rf PR - -|lo 0 {1/0 }1/0 [o/o 


18. Data not reported. 23. Operating at 165 kv to January 1944. 29. 17 miles® 1-circuit towers. 9 miles: 2-circuit 
18A. First value for 2-circuit towers. Second 24. 88.5 miles is 3 circuit. 28.8 miles is 2 circuit. oo 
eee sor ierirciat Reger. 25. First number for outer conductor. Second 30. 17 miles: 2-ground wires. 9 miles: 1-ground 
19. ToSeptember 1, 1945. number for middle conductor. wire. 
20. Ground wire installed 1943. 26. On basis of 50 isokeraunic level. 31. Also some 12 and 14 units of fog type in sus- 
21. Line completely equipped with ground wire 27. First figure for cast line. Second figure for Deseo 
1941. west line. 32. Originally designed for 150 kv. 

- 22. Counterpoise as required to reduce resistance 28. No ground wire for 64 miles of line due to f 
to 25 ohms. First 10 miles from Chats Falls only. severe sleet loading. 33. North line June 22, 1939. 
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Table Il. Extent of 220-Ky! Lines 


13 Companies, 35 Lines 


Approximate 
Miles 
Single circuit..... >....-Right of way..... 1,838 
Two circuit on single 
TOWEFSI: jseicteptsieye eae Right of way..... CONE 
Two circuit on sepa- 
rate towers......... Right of way..... 970 
Three circuit on sepa- 
rate towers......... Right of way..... 463 
‘Totalimiles,..s.:s1, severe Right of way..... 83,9882 
Total circuit miles of 
S=PHASE LINEN jscte rm oaiatelsseisie tw c1etehejeie dh 6,6012 


1. 135.3 miles of right of way operated at 190 kv 
and 263.5 miles operated at 287 kv. 


2. Not including 550 miles of right of way for com- 
pany references 12 and 13 (Table I) which were 
mentioned but not reported on. 


Table Ill. Average Lightning Outages! on 
220-Kv Lines 
Outages 
Per 100 Miles 
of Line Per 
Right Per Year on Basis 
of Way, Year of 50 Storms 
Miles Actual Per Year 
AML Dinese oir.clalsiass 3,988.5..92.83...... 9.97 
Lines without 
ground wires.. 916.8..21.92...... 19.30 
Lines with 
ground wires. .3,071.7..70.91...... 7.19 
With ground 
wires?....... 349.0..32.70...... 24.20 
With 1 
ground wire. Sil syer Loe sitenists 4.3 
With 2 
ground wires 2,446.8..32.91...... 3.8 
With 1 and 
2 ground 
Wires?! -2chi. SOD (OAG Hs ctes 0.53 
With ground 
wire on part 
of lineionly,...' 102.6... 3.54.2. 040 34.5 


1. Based on actual outages and actual miles (not 
average of columns 55 and 56, Table I). 


2. Lines having ground wire added during period 
of outage record 1934-45. 


3. Lines having 1 ground wire on part of line, 
balance 2 ground wires. 


higher than 2-line outages, as would be 
expected. The one exception is the case 
of line reference 2, where the single-circuit 
outages on a 100-mile-per-year basis is 
1.4, and double-circuit outages 2.6, or 
nearly double. 


The outage record seems to indicate 
clearly that, even with the highest insula- 
tion used in 220-kv lines, the insulation 
alone does not render the line lightning- 
proof without the aid of other remedial 
measures, such as ground wires and low 
tower-footing resistances. 


OVERHEAD GROUND WIRES 


Benefit of Use. A summary of light- 
ning outages for all lines and for lines 
with and without ground wires is given in 
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Table III. Of the nearly 4,000 miles of 
line (right of way) covered by this report, 
the outages on a 100-miles-of-line-per- 
year basis at a 50 isokeraunic level is 
9.97. Twenty-three per cent of the line 
mileage does not have ground wire, and 
its outage record is 19.3 per 100 miles of 
line per year. Of the line mileage 63.5 
per cent has either one or two ground wires 
over the entire line, and its outage record — 
is 3.8 to 4.3 outages on the above basis, 
the lower figure being for two-ground-wire 
lines, and the higher for the single- 
ground-wire groups. 

In Figure 4 a further breakdown of the 
outage data on nonground-wire and 
ground wire lines where tower footing 
resistances were reported is shown. 
Based on a 50 isokeraunic level, the aver- 
age outages per 100 miles of line per year 
is 27.5 for lines without ground wires, and 
4.5 for ground wire lines. Ground wire 
lines of over 25 ohms average footing re- 
sistance have 15.4 outages, and lines with 
25 ohms or less 1.94 outages. 


The foregoing record clearly demon- 
strates the value of overhead ground 
wires and low footing resistance in reduc- 
ing lightning outages. 


Height and Spacing. Column 40 
gives the horizontal spacing between the 
overhead ground wires where there are 
two ground wires. These spacings vary 
from 21 to 48 feet for the lines in the 190- 
to 240-kv class and from 40 to 50 feet 
for the 287-kv lines. The height of the 
ground wire plane above the plane of the 


conductors at the towers is given in - 


column 41. This varies from approxi- 
mately 10 to 29 feet for the 190- to 240-kv 
class lines and is 32 feet for the 287-kv 
lines. In Figure 5 is plotted the height 
of ground wires above conductors from 
column 40 against outages per 100 miles 
per year at isokeraunic level 50 from 
column 56. In cases where two ground- 
wire heights are given in the length of the 
line, the average height is plotted. 

There does not appear to be any con- 
sistent relation between height of ground 
wires and outages experienced. A num- 
ber of lines with heights ranging from 22.5 
to 32 feet show outages from zero to 1.34 
per 100 miles per year (column 56), but 
other lines with heights from 11.7 to 
16.2 feet show outages in the same range. 
For example, two lines, 21 and 23, with 
the same impulse insulation level, 1,415 
kv, show practically the same outage per- 
formance (1.28 and 1.34 per 100 miles per 
year,, although one has the ground wires 
13.3 feet and the other 26.9 feet above the 
conductors. 


Shielding Angle. 


In column 62 is 


Lightning Performance of 220-Kv Lines 


given the angle 
through the ground | 
line between the ground 
conductor, or the so-called 
angle. This angle varies widely, from : 
minimum of 13 degrees to a ‘maximum of 
47 degrees for the outside conductors of ; 
horizontally arranged lines and for the 
top conductor of vertically arranged lines. 
For the middle conductors of horizontal - 
lines the angle is in one case as much as 
53 degrees. In Figure 6 are plotted - | 
shielding angles from column 62 against — . 
tripouts per 100 miles per year at iso- 
keraunic level 50 from column 56. Where — 
the angle for middle conductor is different — 
from the angle for outside conductor, the | 
angle for the outside conductor is used. — 

The relationship between shielding 
angle and outages does not follow a con-— 
sistent pattern. There is a zone of low 
outages with shielding angles ranging 
from 13 to 44 degrees (zero to 1.5 outages 
per 100 miles per year). Low footing 
resistance seems to be more important 
than small shielding angle. 


INSULATION VALUES 


The flashover strength of the line is the 
lower of the values given in columns 60 
or 61, that is, the insulator string flashover 
or the flashover from conductor to tower 
when the conductor is in the swung posi- 
tion. 

In Figure 4 are plotted the impulse 
flashover strengths of the various lines 
(taking the value from column 60 or 61, 
whichever is lower), against the number 
of outages reduced to a common iso- 
keraunic level of 50. The points are 
pretty well scattered, as a result of the 
masking effect of ground wires and tower 
footing resistance already discussed. 

It will be noted, on comparing columns 
60 and 61, that in many cases the flash- 
over strength in column 61 is less than the 
insulator flashover in column 60. That is, 
the clearance from conductor to tower is 
not sufficient to develop the full strength 
of the insulator strings. 


Mip-SPAN FLASHOVERS 


The possibility of getting mid-span 


‘flashovers long has been an unanswered 


question. If such occur to any extent, 
they are always difficult to detect, as the 
evidence, such as burned conductor at 
mid-span, is almost impossible to locate 
with certainty in the field. 

A study of this feature from the data 
of Table I shows that mid-span clearances 
between ground wires and conductors 
have been increased by all companies. 
The vertical separation between ground 
wire and top conductor varies from 9.8 
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Figure 4. Insulation 
strength to ground 


versus outages per 
100 miles of line 
per year at isoke- 
raunic level of 50 


A—No overhead 
ground wire 


cn 1000 1200 


to"32 feet at the tower (column 41) with 
an increase of minus 3 feet to 18 feet at 
mid-span (columns 19 and 20) with a 
general range of 10 to 15 feet increase on 
the lines of newer design where this fea- 
ture apparently was given consideration. 
Whether this increase in ground-wire-to- 
conductor spacing was predicated on 
lightning performance only or, in some 
cases, on sleet considerations, the records 
at hand do not show. 

Taking the rough average height of 
ground wire above conductor at the tower 
as 15 feet, the increase in mid-span as 
15 feet, and an average shielding angle of 
30 degrees, there results an average 
ground-wire-to-line-wire separation of 
about 35 feet. At 180 kv per foot spark- 
over in air, this spacing would have a 
1.5x40-microsecond positive wave critical 
flashover of about 6,300 kv and, of course, 
much higher on a steep-front short-tail 
lightning voltage wave. Comparing 
these values with the insulation flashover 
at the tower, which range from about 800 
to 1,600 kv, there does not seem much 
likelihood of mid-span flashover in gen- 
eral, even with waves of extremely rapid 
rate of rise. 


TOWER FOOTING RESISTANCE 


The data given on tower-footing resist- 
ance are rather meager in many instances 
(columns 28 to 33 inclusive) but do indi- 
cate extremely wide variations between 
maximum and minimum on particular 
lines, for example, 2 to 1,550 ohms on 
line 20A. 

In some cases a marked decrease may 
be noted after counterpoises or ground 
rods have been used. As an example, the 


‘ maximum footing resistance of line 3 


came down from 700 to 45 ohms. 


Means for Reducing Footing Resistances. 
In about 68 per cent of the lines reported, 
means have been taken to reduce the 
tower footing resistances. These means 
consist of various arrangements of 
counterpoises, driven rods, and buried 
plates, the percentages of the cases where 
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Figure 5. 


e—Over - 25 - ohms 
footing resistance 
o—95-ohms footing 
resistance 


1600 
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HEIGHT OF GROUND WIRES 
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Height of overhead ground wires 


versus outages per 100 miles of line per year 
at isokeraunic level of 50 


e—Over 25-ohms footing resistance 
o—25-ohms-or less footing resistance 


improvements have been made being 
about 62, 28, and 10 per cent respectively. 


Effect on Outages. In Figures 4, 5, 
and 6 are plotted line outages against 
insulation strength, height of ground 
wire, and shielding angle, for two different 
ranges of footing resistance, that is, over 
25 ohms and 25 ohms or less. In some 
instances a change was made in the 
shielding or in the footing resistance dur- 
ing the period covered, and these data 
were prorated for the figures. The bene- 
fit of low footing resistance is apparent 
from these figures. 


LINE DAMAGE 


Although a definite attempt was made 
by specific questions in the questionnaire 
to obtain information on line damage in- 
cluding damage to insulators, broken 
strings, and damaged conductors, replies 


OUTAGES 


soe 
ie) 10 20 30 40 50 60 
SHIELDING ANGLE —DEGREES 


Figure 6. Shielding angle of ground wire 
versus outages per 100 miles of line per year 
at isokeraunic level of 50 


e—95-ohms-or-less footing resistance 


Lightning Performance of 220-Kv Lines 


indicated that these are so extremely 
rare as not to present a real problem. 
Only two companies reported damage of 
any kind to hardware or conductors. 
One reported two cases where an insula- 
tor string was severed, and the other re- 
ported shattered insulators. 

Likewise, duration of line tripouts of 
lines in this voltage class does not appear, 
from the replies received, to be of great 
concern. In one of the cases mentioned 
the line was out for ten hours. The 
second company reported merely ‘long 
outages” without giving the time in- 
volved. . 


IMPROVED LIGHTNING PERFORMANCE 
BEING CONSIDERED 


Only three companies report that they 
are giving any consideration to making 
further changes in their line construction 
to improve its lightning performance. 
One (reference 3) is adding two counter- 
poises. The second company (references 
12 and 13) is experimenting with devices 
not described in an attempt to better the ~ 
line performance. Still a third company 
(references 16 and’ 16A) reports that it is 
considering installing ground wires be- 
cause of the increase in lightning outages 
reported during the past year. This im- 
provement apparently is being con- 
sidered on only one line of the company. 
It should be noted in this connection that 
this line is in an area where the iso- 
keraunic level is indicated as 5. 


Summary and Conclusions 


The lightning outage records of 35 
transmission lines in the 220-kv class 
(operating at 190 to 287 kv) have been 
presented and discussed. Data also are 
given on some of the design features of 
these lines which are believed to be fac- 
tors in their lightning performance. 

If equal lightning intensities are as- 
sumed, theory and experience have shown 
that certain factors have a predominating 
influence on flashovers and outages, 
namely : 


1. Overhead ground wires. 
2. Insulation strength. 
8. Tower footing resistance. 


In the data disclosed by the present 
survey, it is difficult to separate definitely 
these influences and to place relative 
values upon them. However, the follow- 
ing conclusions seem to be justified: 


1. The beneficial effects of overhead ground 
wires clearly is indicated in reducing light- 
ning outages. Nonground-wire lines have a 
yearly outage record per 100 miles of line 
per year of 19.3 against 7.19 for lines now 
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| Genbined Light and Power oe 
for Industrial Plants 


D. L. BEEMAN 


MEMBER AIEE | 


HE upward trend in illumination 

levels in industrial plants has re- 
sulted in an increased power demand of 
the lighting load. Illumination levels of 
50 foot-candles are in general considered 
good practice at the present time, with 
some thinking of illumination levels as 
high as 100 foot-candles. The lighting 
load is a sizable portion of the total plant 
load. In many average manufacturing 
plants the lighting load will represent 2 
to 4 volt-amperes per square foot, and 
the power load 8 to 10 volt-amperes per 
square foot. The same technique that 
has been applied in distributing power to 
machine tools and other power loads will 
pay dividends in distributing power to the 
lighting load. 

For incandescent lamps 120-volt sys- 
tems have been used almost universally. 
Higher-voltage incandescent lamps are 


Paper 46-52, recommended by the AIEE committee 
on industrial power applications for presentation at 
the AIEE winter convention, New York, N. Y., 
January 21-25, 1946. Manuscript submitted 
November 23, 1945; made available for printing 
December 4, 1945. 


D. L. Berman is in the industrial engineering di- 
visions, General Electric Company, Schenectady, 
IN: Ye 


fragile and generally not satisfactory. 

With the introduction of fluorescent 
lamps the 120-volt restriction no longer 
applies. All fluorescent lamps have bal- 
lasts in series with them. By combining 
a slight transformer action with the bal- 
last, the fluorescent lamp ballast can be 
supplied at any voltage from 120 to 260 
volts. The industry, however, has stand- 
ardized on the following ballast ratings: 
118, 208, 230, and 260 volts. The intro- 


Table I. 


duseeal és This paper ou er e 
economy of combined light and p 


Conclusions 


— a 
1. Combined light and power systems are 
less expensive than systems using separate 
substations for light and power. Ay 


2. High-voltage lighting circuits are gen- 
erally most economical when using 260-volt 
2-lamp 100-watt fluorescent lamp ballasts, 
so that the lighting load may be operated 
directly off the 480-277-volt substation 


x ‘ 


Cost Per Kilovolt-Ampere of Transformers, Panel Boards, and Wiring as a Function 


of Ballast Voltage 
SSS ———— 


Ballast Transformer *Transformer 
Line Voltage Rating Cost, Installed 
Direct ERGs ok 3 phase, 480-— 
208Y—120 volt........ 12.50... 
Dievsiole te ZOSz creceis 3 phase, 480— : 
208Y-120 volt........ 12.50... 
Beanies T2005 re 1 phase, 480-—240- 
120) Volta dicrsiete. opie TLIS0%... 
annie s 2e0 ytukd 1 phase, 480—240— 
120 Voltasnciee we core PISO. 
Bias seater PANO BS 1 phase, 480—265- 
TSO! VOLES cere cies ataiete be EE) Re 


* Installation included at $2.50 per kilovolt-ampere. 


** Installation included at $1.85 per kilovolt-ampere. 


Branch 

**Panel Board Wiring Cost 

Cost, Installed (See Figure 8) Total Cost 
* abessey eis 5. Gus se 5 sien s Oo SO RE later acer 
egnerata dias 560 fen 5 368 Je sad BUe ete ea ae 
er ee 5260 5 Sees. wc 0 0c cn Os SO eels sep eRe SO 
Sidea saben ie BB ee ane ata a -Weapis che AO ecedara etc ee 
BO st itA ABS Sal ois. ie.e'e 3 oes alah ee Se Lae 


having ground wires (Table III). For lines 
having ground wires throughout the ten 


years covered by this report, the correspond- 


ing outage figures are 4.38 for one-ground- 
wire lines and 3.8 for two-ground-wire lines. 
One outstanding case of the benefits of 
ground wires is shown on line reference 7, 
where the observed outages averaged 19.2 
for 7 years before the line had ground 
wires and 1 per year for 4 years after 2 
ground wires were installed. 


2. The sag of ground wires ranges from 
11 to 45 feet, averaging 25 to 30 feet. Ver- 
tical separations between ground wire and 
line wire at mid-span are greater than at the 
tower by a range from minus 3 to 18 feet, 
with a general average of about 15 feet. 


3. The shielding angles of ground wires 
vary from 13 to 59 degrees with a trend 
indicated that the smaller shielding angles 
reduce line outages. 


4. Regarding overhead ground-wire loca- 
tion, in general these are placed from 9.8 
to 32 feet above the horizontal plane of the 
top conductors at the towers. The general 
average of elevation of the ground wire, 
however, is about 15 feet above the top con- 
ductor. 
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5. Insulation supplied by a practical 
length of insulator string, or by a similar air 
clearance from conductor to tower, is not 
sufficient in the 220-kv class to prevent 
lightning flashover of the line. Flashovers 
have been experienced on the lines reported 
with impulse strengths as high as 1,600 kv. 


6. Where reduction of tower footing re- 
sistances has been made, the final average 
values range in the general order of 1 to 20 
ohms. The data submitted show definite 
benefits derived from the lowering of ground 
resistance. Reduction of ground resistances 
to 10 ohms or less reduces outage rates to 
the order of 1 per 100 miles of line per year, 
assuming shielding of the type reported 
herein, and an isokeraunic level of 50. 


7. The reduction of tower footing resist- 
ances has been accomplished largely by 
ground rods and counterpoises, with the 
use of counterpoises predominant. 


8. Average span lengths range from 590 
to 1,480 feet with the majority of lines hav- 
ing a span of approximately 1,100 feet. 
There are insufficient data to indicate the 
effect of these practical span lengths on the 
lightning outage record of the lines. 
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9. Arcing devices on insulator strings, 


which were prevalent in the earlier designed 
lines, are being omitted on later built lines, 
with no adverse operating experience re- 
ported. 


10. Damage to lines, caused by lightning, 
appears in general to be very infrequent 
and of minor concern to the service perform- 
ance of the lines. Only two companies 
report prolonged outages; these involved 
shattered or broken insulators. Both cases 
were on lines not equipped with ground 
wires. 
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Figure 1. 


One-line diagram of system with 
Separate substations for power and light 
services—system A 


without intervening transformation. Gen- 
erally 120 volts are most economical over- 
all for 40-watt fluorescent lamp installa- 
tions. 


3. With the modern load center power sys- 
tem, the objectionable flicker from welders 
practically can be eliminated by using sepa- 
rate transformers for resistance welders or 
by serving the lights from one transformer 
and the resistance welders from another in 
a secondary selective system, Figure 17. 


Combinations Studied 
Three basic combinations of power sup- 


ply for lighting systems are considered in 
this paper. These are: 


1. A 208Y-120-volt 3-phase 4-wire power 


system for lighting load, with separate sub- 
stations for 460-volt power for motors, and 
the like, Figure 1. 

2. Combined substations for power and 
light, that is, one 480-volt substation serving 
motors directly and the lighting load through 
step-down dry-type transformers located at 
strategic points through the factory, Fig- 
ure 2. 

3. A 460Y-265-volt combined power and 
lighting system in which the motors are 
operated at 3 phase, 460 volts and fluores- 
cent lights from phase to neutral at 265 volts, 
from the same substation, Figure 3. 


Figure 2. One-line diagram of system with 
one substation for power and light services 


Lights supplied from 460-volt feeders through 
small dry type transformers—system B 

Considered in cost comparison 
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260-volt fluorescent lights supplied from 460-volt feeders—system C 


Items Included in Study 


It is assumed that the primary feeder 
system is the same, regardless of which of 
the three afore-mentioned systems are 
selected. Therefore, the items considered 
are the step-down substations, secondary 
feeder circuit breakers, secondary feeders, 
dry-type transformers, panel boards, and 
branch wiring, as illustrated. by the solid 
lines in Figures 1, 2, and 3. 

The type of unit substation considered 
throughout this study is shown in Figure 
4. To allow for diversity it is assumed 
that 1 kva of transformer capacity in the 
substation would have 1.25 kva of light- 
ing load connected to it. Hence, the 
secondary feeder circuit breakers and 
cable have a capacity of 1.25 times the 
transformer kilovolt-ampere rating of the 
unit substation. 
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Installation cost of the substations is 
considered at 20 per cent of the substation 
price. These values—that is, 20 per cent 
for installation and 1.25 allowance for di- 
versity—will be used throughout this 
study. The cost of substations as a func- 
tion of kilovolt-ampere capacity is shown 
in Figure 6. ; 

All secondary feeders are assumed to be 
varnished-cambric-insulated interlocked- 
armor cable, Figure 5. 

The branch wiring from the panel board 
or control switch to the trough of the 
fluorescent lighting fixtures is included, 
but the wiring within the fixtures is not. 
The branch circuits have been limited to 
number 12 BX wire, with a current carry- 
ing capacity of 20 amperes, because it is 
believed that a 20-ampere fuse or circuit 
breaker is the largest which will give 
reasonable short-circuit protection to the 
ballasts. In most cases the load current 
per circuit is about 16 or 17 amperes. 
Branch circuit wiring costs are assumed 
to be 25 cents per foot of 2-conductor 
number 12 BX. To approximate the 
amount of branch circuit wiring for the 
various voltages, typical layouts were 
made—Figure 8. 


System A—Separate Substations for 
Light and Power, Figure 1 


This type of system may operate at 
either 208Y—120 volts, 3 phase, 4 wire, or 
230-115 volts, single phase, 3 wire. In 
line with modern practice the 208Y—120- 
volt system will be used in the com- 
parison. 

A 208Y-120-volt system will care for 
the general area fluorescent lights, as well 
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Safety 


460-Volt Power Load Power System 


Where Most Adaptable 


2 EPs, Soe 


A—Separate lighting and..... S400. cars Less than 150...Same for all...High (more... 


7 
Not required. , Where all 460-volt busses have too — 
great fluctuations in voltage, 


power substations, Figure systems than 5,000 great “ecteet pete 
ie ee ares. where the total 120<volt load 
| is over 50 per cent of the total 
load at 600 volts or less nd 
B—Combined power and..... 39.95....Less than 150...Same for all... Low (less. . - Possible (due to... Not required. . eo pris pate ge oP a 
lighting substations, step- systems than 5,000 ashy ee 5 haere Me, 
eee eae mone Ta nagectos re is less than about 50 percent of — 
See the total load at 600 volts or less. 
Adaptable for incandescent, 
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lighting “ y 
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lighting substations, 3 systems than 3,000 resistance where new 460-volt gee a 
phase, 4 wire, 480Y-277 amperes) welders) tems are installed. p 


volt, Figure 3 


only for fluorescent or mercury- 
vapor lighting. Not adaptable 
to 575-volt power systems 


Ce a ee ae ee) ee ee ee ee 


* Using size 1 fused combination motor starters for controlling lighting circuits. 


as the miscellaneous 120-volt power and 
lights. The system is laid out on the 
basis of 41/2 volt-amperes load per square 
foot to evaluate that part of the substa- 
tion and secondary feeder cost which 
must be charged to the general area 
lighting system. 

The minimum installed cost of the 
208Y-120-volt substation and secondary 
feeders is $28.75 per kilovolt-ampere of 
substation rating when using 500-kva 
substations, the most economical size— 
top curve, Figure 6. A deviation from 
this size will increase the cost per kilovolt- 
ampere as shown by the curves. 

The load per secondary feeder has been 
assumed to be 100 kva. The 4-conductor 
300,000 - circular - mil secondary - feeder 
cable has an installed cost of $2 per foot. 
Each feeder will supply four circuit 
breaker panel boards of the type shown in 
Figure 7, with 25 kva of lighting load per 
panel board. The total cost of panel 
boards is estimated at $5.60 per kilovolt- 


> 


ampere installed and wired (installation 
$1.85 per kilovolt-ampere). 

It is realized that the circuit breakers 
in these panel boards do not have suffi- 
cient interrupting rating (only 5,000 am- 
peres) for this service. However, there 
are no available devices which meet the 
space requirements for this service and 
which have adequate interrupting rating 
for the short-circuit current duty imposed 
on them. 

The total cost of system A is 
$28.75. ..Substations and secondary feeders 


5.60... Panel boards 
6.40... Branch wiring at 120 volts 


$40.75 


per kilovolt-ampere of lighting demand. 
In general lighting substations as large 
as 500 kva (the most economical size 
from Figure 6) are not used. The sub- 
stations often are laid out with a larger 
power and a smaller lighting substation 
at the same location. Where these small 
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lighting units, that is, 150 kva, are used, 
the cost of the substation is increased. 
Using the cost from the top curve on 
Figure 6 for 150-kva substations, the total 
cost of system A is increased to 


$33.00...Substation and secondary feeders 


5.60... Panel boards 
6.40... Branch wiring at 120 volts 


$45.00 


per kilovolt-ampere of lighting demand. 

The cost may be increased even further 
if a primary protective device is required 
on the small lighting substation trans- 
former. Hence, the cost of system A may 
go as high as $75 per kilovolt-ampere of 
lighting demand. Therefore, it is be- 
lieved that $45 per kilovolt-ampere is a 
fair average to use in the general compari- 
son with other systems. 


System A With 208-Volt Ballast 


The figures of $40.75 and $45 per kilo- 
volt-ampere mentioned will be reduced to 
$38.15 and $42.40 per kilovolt-ampere, if 
208-volt ballasts are used for the general 
area fluorescent lamps instead of 118-volt 


Figure 4 (left). Typical unit substation considered in cost analysis 


Figure 5. Interlocked-armor type of secondary feeder cable considered 


in cost comparison 
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Figure 6. Cost of unit substations and sec- 
ondary feeders as a function of unit substation 
size 

90 per cent for installation 
Feeder capacity is 125 per cent of substation 
capacity 


ballasts considered in the foregoing tabu- 
lations. The saving is made in branch 
circuit wiring only because the system is 
3 phase, 208Y-120 volt up to that point. 
Since detail circuit arrangements may 
alter materially the branch circuit wiring 
costs, it is felt that the saving from using 
208-volt ballasts rather than 118-volt bal- 
lasts may not be as great as shown. For 


- the sake of uniformity of ballasts through- 


out a plant, many operators would use 
118-volt rating for all ballasts if they 
elected to use system A. 


System B—Combined Light and 
Power Substation, Figure 2 


It is assumed that the same 480-volt 
substation will supply power to the 460- 
volt power feeders and to the 460-volt 
feeders which supply step-down trans- 
formers for the lighting load. The only 
portion of the step-down substation com- 
mon to both the lighting and the power 
system is the primary switch, transformer, 
and main secondary circuit breaker. This 
is referred to as the basic substation, the 
installed cost of which is shown in curve 
A, Figure 6. Since other studies have 
shown the most economical size substation 
to be 750 to 1,000 kva, an average figure 
of $7.50 per kilovolt-ampere has been 
selected from curve A to represent the 
basic substation cost for the combined 
light and power system. 
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Figure 7 (left). Typical circuit: breaker panel board for branch 
feeder protection 


Figure 8. Diagrams used for determining branch clecult length | 


All branch circuits are number 12 9-conductor BX wire. 95- 
kva of lighting demand per load area 
A—120-volt 1-phase branch circuits; total length 510 feet, in- 

cluding 240 feet for vertical runs - 
B—208-volt 1-phase branch circuits; total length 7/s of 510 feet 
to adjust for 7 circuits; length of 7 circuits 300 feet, including 
140 feet for vertical runs 
Soo J volt 1-phase branch circuits; total length 240 feet, in- 


The 460-volt secondary feeder circuit 
breakers for the lighting system have been 
chosen with 25,000-ampere interrupting 
rating (large enough for 1,500-kva 480- 
volt 5.5 per cent impedance transformers). 
The load per feeder is maintained at 100 
kva. On this basis the assumed installed 
cost of the secondary feeder circuit break- 
ers is $5.40 per kilovolt-ampere. 

The secondary feeder layout of Figure 9 
is used to determine the length of cable 
for a 100-kva circuit. The 3-conductor 
number 1 interlocked-armor cable has an 
assumed installed cost of 90 cents per 
foot or $3.55 per kilovolt-ampere. Each 
secondary feeder connects directly to four 
step-down dry type transformers. 


Use of Small Dry Type 
Transformers 


Because they are the largest single- 
phase 480-240-120-volt transformer of 
standard design which can be used and the 
secondary short-circuit currents kept 
within 5,000 amperes, the interrupting 
rating of the circuit breakers in the panel 
boards, 25-kva transformers were chosen. 
Taps may be used in the 480-volt winding 
of these transformers to compensate for 
transformer voltage drop when necessary. 

Separate 460-volt feeders are assumed 
to be used for serving lighting load only. 
There are many more outages on power 
feeders than on lighting feeders because 
of the greater number of changes made in 
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cluding 120 feet vertical runs 
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90 FT 
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UNIT 
so SUBSTATION 


SECONDARY 
FEEDERS 
NO. 1 
3-CONDUCTOR 
INT ERLOCKED 
ARMOR 
25-KVA STEPDOWN 
_ TRANSFORMER 
Figure 9. Diagram for determining length of 
secondary feeder serving 425-kva load areas— 
system B 


Total length of secondary feeder cable ap- 
proximately 315 feet 


power feeders. Furthermore, the power 
feeders may have more voltage drop due 
to fluctuating loads. Hence, separate 
lighting feeders often are used for greater 
reliability and to reduce voltage drop. 

A typical outline of an installation of 
a dry type transformer and a panel board 
is shown in Figure 10. The installation 
view in Figure 11 shows two small dry 
type transformers and panel boards, one 
for the general area lights and one for 
miscellaneous 120-volt power. 

Switches or circuit breakers are not 
used ahead of the dry type transformers 
on the lighting feeder, because the second- 
ary feeder circuit breaker at the unit sub- 
station will provide adequate short-circuit 
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protection for these transformers. Since 


the lighting load is constant, it is assumed 
that overload protection is not required. 
However, should these transformers be 
connected to heavy power feeders, indi- 
vidual air circuit breakers should be used 
ahead of each transformer for protecting 
the transformer under short-circuit con- 
ditions and due to overload. The main 


HORIZONTAL RUN 


TRANSFORMER PeEReTOR 


2 COND. NO. 12 BX 


VERTICAL RUN 


PANEL BOARD 


Figure 10. Arrangement of branch feeder 
panel board and small dry type transformer 
installations 
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circuit Ee at the unit eahetaie will 
afford practically no protection for a 
small dry type transformer connected to 
a heavy power feeder. 

There is a negligible difference in the 


cost of dry type step-down transformers 


and panel boards for various single-phase 
and 3-phase combinations of transformers 
and various ballast voltages—that is, 118, 
208 volts, and so forth. Therefore, the 
selection between single-phase and 3- 

._ phase banks of small dry type step-down 
transformers is dependent upon local con- 
ditions. 


Selection of Ballast Voltage for 
' System B 


The elements of system B considered 
thus far have the same cost regardless of 
ballast voltage. 


There are several differ- 


(33°FT 


Diagram for deter- 
mining length of 
second feeders to 
serve 7 14-kvaload 
areas, 260-volt fluo- 
rescent lamp ballasts 
—system C 


Total length of 
secondary _ feeder 
cable approximately 
417 feet 
A — Motor - starter 
used as switch for 
lighting circuit 
B—Secondary feed- 
er number1 3-con- 
ductor and neutral 
interlocked armor 
cable 


Figure 11 (left). 
stallation view of two 
panel boards and 
two small dry type 
transformers on a 
building column 


Figure 13. Typical 
fused combination 
motor starter used for 
switching 265-volt 
fluorescent light cir- _ 

cuits—system C es 
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Figure 12 (above), © 


at 


yh ‘ballast vol 
lected—namely, 
volts. To simplify 
voltage, the cost of the 
affected by ballast voltag 
in Table L There is a slight sa 


as pointed out previously, the Sno 
largely disappear, depending upon loca! 
conditions. Hence, to have uniform bal- 
last rating throughout the plant when 
using system B, many operators will use 
120 volts, even though there is slightly 
higher branch circuit wiring cost for that q 
voltage. However, the cost of ‘branch wir- 
ing should be studied on each particular 4 
job to see if there is any substantial eco- — 
nomic benefit to be gained from ballast 
voltages higher than 118 volts. 
The total cost of system B is 


$ 7.50... Basic substation { 
5.40...Secondary circuit breakers 
3.55. ..Secondary cable 
23.50...Step-down transformers, panel 
boards, branch circuit wiring, 
line 3, Table I 


$39.95 

per kilovolt-ampere of lighting demand. 
Using 230-volt ballast instead of 118- 

volt ballast would, according to the figures 

of Table I, reduce the cost of system B to 
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s esr 
— BUILDING COLUMN 
- SECONDARY FEEDER 


"| 2 COMBINATION 
W4 ~MOTOR STARTER 


BRANCH FEEDERS 
mn 2 COND. 
| 


NO. 12 BX 


3 -1N. CONDUIT 
WITH 3 NO, 14 
CONTROL WIRES 


PUSH BUTTON 


fused combination motor starter for switching 
265-volt fluorescent light circuits—system C 


$36.20 per kilovolt-ampere of lighting 
demand. 


System C—Combined Light and 
Power Substation, Figure 3 


This system is similar to system B, 

Figure 2, except that the fluorescent lamp 
ballasts are rated 260 volt, and the power 
system substation is rated 480Y-—277 volt, 
3 phase with grounded neutral. Several 
large aircraft assembly plants built at the 
start of the war used this system for sup- 
plying fluorescent lighting loads for gen- 
eral area illumination. It also has been 
used in many other types of plants since 
that time. The reason for using this sys- 
tem in the aircraft plants was to save 
material and not to save money. How- 
ever, the economic considerations now are 
more important than material considera- 
tions; hence, that system is being re- 
evaluated on the basis of economics. 
_ The substation and secondary feeder 
circuit breaker costs are the same as for 
the system B, that is, $7.50 and $5.40 per 
kilovolt-ampere, respectively. 

The secondary feeder cost is higher than 
for system B, because a greater length is 
required to reach the smaller load areas, 
Figure 12, and because 4-conductor cable 
is used for the lighting feeders (3-conduc- 
tor cable for the power feeders). The 
secondary cable cost is assumed at $1 
per foot or $5.20 per kilovolt-ampere. 

The branch circuits for the lighting load 
may be controlled by a 3-pole size 1 fused 
combination motor starter (for application 
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Figure 14. Typical mounting arrangement of © 


on circuits with 50,000-ampere available 
short-circuit current) with three thermal 
overload elements, Figure 13. Three 
branch circuits at 265 volts phase to neu- 
tral are taken from each motor starter. 
Since these circuits are limited'to about 20 


-amperes, the lighting load per motor 


starter is limited to about 14 kva. 
A typical method of installing a motor 
starter for this service is shown in 
Figure 14, where the motor starter is 
mounted up on the column at the same 
level as the lights, so that the branch cir- 
cuits do not have to be run up and down 
the column. The push button may be 
located at any convenient spot. The 
motor starters and push buttons are as- 
sumed to cost $3.85 per kilovolt-ampere 
installed and wired (installation $1 per 
kilovolt-ampere). 

The branch circuit wiring cost, Figure 
15, is assumed at $1 per kilovolt-ampere. 

The total cost of system C as described 
is 
$ 7.50..... Basic substation 

5.40..... Secondary feeder circuit breaker 

SiO benny Secondary feeder cable 


. OSs ene Controller 
T00 Cs oa2 Branch wiring 


$22.95 


per kilovolt-ampere of lighting demand. 

In some plants now using 260-volt 
fluorescent ballasts panel boards have 
been used instead of combination fused 
motor starters for switching lighting cir- 
cuits. That substitution reduces the 
secondary feeder cable required and in- 
creases the expense for panel boards and 
branch wiring. If panel boards with 25 
kva of load per board are used, the 
cost of system C is 


$ 7.50... Basic substation 
5.40...Secondary feeder circuit breakers 
3.95...Secondary cable 
4.85... Panel boards 
2.50... Branch wiring 

$24.20 


per kilovolt-ampere of lighting demand. 


Short-Circuit Currents 


Some operators have objected to system 
C at first glance because of the high short- 
circuit currents of the power system being 
available on the lighting circuits. The 
short-circuit currents on the lighting sys- 
tem are actually very low when the fused 
combination motor starter is used for 
controlling the light circuits. The fuses 
in the motor starter are decidedly current 
limiting in their action. The three ther- 
mal overload elements have a very high 
impedance and limit the current to even 
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lower values than the fuses would with-_ 
out the thermal elements. The combined 
effect is to allow not more than about 
3,000-ampere peak short-circuit current — 
to flow for a fault in the lighting system, 
even though the available short-circuit 
current on the 460-volt power system may 
be as high as 50,000 rms amperes. To 
get proper performance of the fused com- 
bination motor starter, it is necessary to 
use not larger than 20-ampere fuses and 
to have the three thermal overload ele- 
ments in place in the starter. 

The panel board circuit breakers have 
no current-limiting action; therefore, 
they allow larger short-circuit currents to 
appear on the lighting system. However, 
the application of panel board circuit 
breakers may allow no higher short-cir- 
cuit currents to flow in this system than 
in system A, which also is supplied di- 
rectly from larger transformers. Panel 
board circuit breakers have the same 
limitations for application in system C as 
application in system A relative to their 
short-circuit rating. 


Other Than General Area 
Lighting 


In systems A and B 120 volts are avail- 
able for general area lighting, as well as 
for miscellaneous 120-volt power and 
lighting. Therefore, all load other than 
the 460-volt load can be taken off the 
same circuits in those two systems. 

With system C 260-volt ballasts should 
be used only in fixtures for general fac- 
tory area lighting. These fixtures must be 
more than 8 feet from the floor and must 


_ not have individual switches mounted in 


the fixtures. The National Electric Code 
requires that all lighting for offices, indi- 
vidual benches, machines, and so forth 
should be operated at 120 volts. Since 
there is always some load of this nature 
around any plant, it is necessary to ob- 
tain the power for that load from the 460- 


COMBINATION MOTOR STARTER es2 /s 
USED AS SWITCH 


a <— 66.7 FT —>| 


BRANCH CIRCUITS. 


Figure 15. Diagram for determining length of 
branch circuits for 14-kva load area for 
system C 


Branch circuits are number 12 9-conductor 
BX wire 
Total length of branch circuit 45 feet 
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volt feeders of system C. This can be ob- 
tained just as in the case of system B 
with small step-down, dry type trans- 
formers as shown to the right of Figure 3. 
If these transformers are connected to 
heavy 480-volt feeders, the same precau- 
tions should be used in protecting the 
small transformers as outlined under sys- 
tem B. 

It is believed that no sacrifice in safety 
is made with the higher-voltage fluores- 
cent ballasts for the general area fluores- 


cent lighting system, because the lamps — 


and starter voltages are essentially the 
same, regardless of the voltage rating of 
the ballast. When the ballasts are 
changed, the circuit to which the ballasts 
are connected should be de-energized 
regardless of the circuit voltage. 


Summary of Economic Comparison 


Representative first costs of systems A, 
B, and C are 


A..Separate light and 


power substation, 
208Y-120 volt— 
Bigtiresdnes vs. sks $45 per kilovolt- 


ampere 
B..Combined substations 
(step-down lighting 
transformers)—Fig- 
39.95 per kilo- 
volt-ampere 
C..Combined substations 
(460Y-265 volt)— 
ENgULesOae anita: 22.95 per kilo- 
volt-ampere 


On the basis of system A being 100 per 
cent, system B costs only 89 per cent as 
much, and system C only 51 per cent as 
much. The savings of the combined light 
and power system will justify the selec- 
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Figure 16. A fluorescent lighting installation 
for general area illumination 


tion of this system where the total 120- 
volt load is as high as 50 per cent of the 
total load at 600 volts or less. 


This general comparison also will hold 
true where incandescent lamps are used 
throughout, or where other types of gase- 
ous discharge lamps are employed. The 
ballast for certain types of mercury vapor 
lamps may be operated from 460-volt 
circuits. 


Although cost comparisons of fluores- 
cent lighting systems are beyond the scope 
of this paper, it is well to point out that 
the afore-mentioned figures must be con- 
sidered in relation to the specific fluores- 
cent lamp layout. The first cost of the 
power system is small compared with the 
first cost of the lighting fixtures. The 
carrying charges on the capital invest- 
ment of the power system is small com- 
pared with the operating cost of the light- 
ing system. Taking all those factors into 
account, some general guides as to over- 
all costs of power systems and the lighting 
fixture system are given in Table IIT. 


Table III shows that even in over-all 
system cost, combined power and light 
systems are less expensive than system A 
using separate substations. System A 
does not appear once in the tabulation. 


The choice between system B and sys- 
tem C depends, if one looks at the over- 
all picture, upon the type of fluorescent 
lighting fixture used. 

For general illumination of very large 
areas, such as the general working area of 
a factory, many operators prefer the 100- 


Beeman—Industrial Light and Power Systems 


 260-volt ballasts, is the 
sive, either from the power sy 
“point or from the over-all cost p 
other cases the 3-40-w: ) 
fixture is used for general area light 
and in these cases system B, usin 
volt or 118-volt lamp ballast, is the | 
expensive when the over-all ope: 
“costs are considered. "phe 
These figures refer only to gener 
lighting systems, Figure 16, for, as point 
out previously, all fixtures less than 8 fee 
from the floor in factory areas, or all fix- 
tures in offices or other places readily ac- 
cessible to factory personnel should be 
operated from 120-volt systems. 


Grounding of 460-Volt Power 
Systems 


The 460Y-265-volt system must have 
the neutral grounded to accommodate 
260-volt lighting fixtures. While some 
operators who have not had experience 
with 460-volt grounded Y systems may 
object to grounding, there are many ad- 
vantages to having the system neutral 
grounded, even though 260-volt lighting 
fixtures may not be used. The biggest 
single advantage of grounding any power 
system is immediate isolation of a ground 
fault before it develops into a double 
line to ground fault, tripping out a con- 
siderable portion of the load. 

Grounding of the 460-volt system neu- 
tral does not necessitate three thermal 
overload elements (1940 National Elec- 
tric Code) in the motor starter for motor 
circuits. The thermal overload elements 
are for protection of the motor against 
overloading and not for short-circuit pro- 
tection. It does require that all three 


Table Ill 
Seren 


**Type of System With 
Lowest Cost 


Type of *Ballast First Operating’ Annual 
Fixture Voltage Cost Cost Cost 
eS SE eee 
3-40 watt..... 208. .v es Biktecess Bis tanita B 
3-40 watt..... TUSK are US Moet raters Biase B 
3-40 watt..... 2G0 lee’ (Ang. de Oe aay Gc 
2-40 watt..... 2008 ee OSES Bic Coe ae Cc 
2-40 watt..... DOB Sees By cies Bisse tral wte B 
2-40 watt..... DUS eas Bead cris Ds Ree B 
2-100 watt....260...... Cae sate GosFee G 
2-100) watt. .2lISt ane, Bierce TB cect B 
2-100 watt....208...... hess, FB re 


* Voltages are in order of cost, the top representing 
the least expensive combination and the bottom the 


most expensive combination for each particular type 
fixture. 


** Includes capital investment in Power system, 


lighting fixtures, cleaning and maint 
enance, e 
cost, and so forth. pegs 
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phase branch circuit breakers have three 
overcurrent elements or three fuses. 


_ Voltage Flicker of Combined Light 


and Power System 


Voltage flicker due to fluctuating power 
loads will not cause objectionable light 
flicker in the average factory. Large re- 
sistance welders, or large motors which 
start frequently, should not be connected 
to the 460-volt bus that serves the plant 
lighting. Resistance welders are being 
used in increasing quantities in manufac- 
turing plants, particularly in those that 
fabricate metal products. In many larger 
plants employing load center power dis- 
tribution systems, the welders are con- 
nected to a separate transformer which 
supplies nothing but welding load. In 
these plants there is no problem of lamp 
flicker due to resistance welders, unless 
the plant is supplied by a very weak pri- 
mary system, in which case the flicker 
problent will be essentially the same 
whether or not combined light and power 
systems are used. 

In manufacturing plants where the total 
resistance welder load is not sufficient to 
justify separate welding transformers or 
where there are no exceptionally large 
welders, the secondary selective arrange- 
ment of the load center distribution sys- 
tem may be used, with one of the two sub- 
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SUPPLIED FROM 
_ UNIT SUBSTATION 


A p_3 Pe ss eee a 
B 
A 
WELDERS 460V ’ : : if i : 
be ETC) POWER! WELDERS 460 V 8 
LIGHTS ETC POWER 
LIGHTS A 
/ B 
Figure 17. Secondary selective arrangement of load center A 
power distribution system with resistance welders on one ipl a ate gE 4 
460-volt bus and lights on the companion 460-volt bus 
, A ey. Pare Cl 
Bm liete eed) ee te lee 


stations (Figure 17) for general power load 
and resistance welders and the other for 
combined light and power. During nor- 
mal operation the two substation busses 
are not in parallel, and the flicker on the 
bus to which the welders are connected 
will not affect the lights connected to the 
other bus. When during an emergency 
one of the primary feeders or one of the 
transformers is out of service, the busses 
may be paralleled, and during that emer- 
gency period the flicker may be notice- 
able. In general there has been no diffi- 
culty with combined light and power sys- 
tems where the principles mentioned have 
been followed. 


Increased Reliability of Lighting 
Circuits 


With any of the systems discussed in 
this paper, consideration should be given 
to overlapping the area fed by one sub- 
station, so that an outage on that substa- 
tion will not cause complete outage of 
lamps in any one area. One method of 
accomplishing increased reliability eco- 
nomically with the secondary selective 
load center power system is shown in 
Figure 18. 

Small plants with demands of 500 to 
1,500 kva usually require only one substa- 
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Figure 18. Secondary selective arrangement 
of load center power distribution system with 
overlapping areas of lights supplied for differ- 
ent substation busses to prevent complete loss 
of light should one bus be de-energized 


tion. It has been common practice to 
install a power transformer bank and a 
lighting transformer bank. The welders 
and power load are connected to the larger 
bank, and the lights to the smaller one. 
By using the arrangement shown in 
Figure 18 with two transformers equiva- 
lent in total kilovolt-amperes to the light- 
ing plus the power demand, considerable 
increase in service reliability can be ob- 
tained without incurring objectionable 
flicker from the welders. With two trans- 
formers of equal size, both stepping down 
to 460 volts, the plant may be kept in at 
least partial operation with lights and 
major power apparatus in service with one 
transformer de-energized. Where sepa- 
rate lighting and power banks are used, 
this cannot be done. Increased service re- 
liability for the same reason can be ob- 
tained in larger plants by using the second- 
ary selective system with substations in 
pairs, both stepping down to 460 volts, 
instead of individual light and power sub- 
stations scattered through the working 
area. 
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Effect of Altitude on 1 Ventilation and 
Rating of Aircraft Electric Machines 


CYRIL G. VEINOTT 


MEMBER AIEE 


Synopsis: Fundamental problems involved 
in the cooling and rating of aircraft electric 
machinery at medium and high altitudes are 
discussed in this paper, primarily to assist 
users in the application of such equipment, 
and to assist builders in designing equipment 
to meet the requirements. In addition flight 
tests are reported which confirm in part the 
blast-tube theory developed in a previous 
paper. For blast-cooled generators, an 
equation has been developed to show the 
maximum permissible output in terms of 
entering-air temperature and density, ram- 
ming-head pressure, and winding tempera- 
ture. For motors curves of total winding 
temperature at rated load have been plotted 
as a function of altitude; these curves were 
plotted for selected values of sea-level tem- 
perature rise. Specific conclusions are 
drawn as to: 


1. Permissible generator output as a function of 
altitude and sea-level rise. 


RELATIVE LIFE AT ALTITUDE (1.0=LIFE OF THE INSULATION AT [50°C 


20 30 40 50 60 70 80 
SEA-LEVEL TEMPERATURE RISE 
— DEGREES CENTIGRADE 


Figure 1. Effect of sea-level temperature rise 

of fan-cooled motors, open or enclosed, upon 

the insulation life at different altitudes (derived 
from Figure 8) 


A—At sea level +60 degrees centigrade 
ambient temperature 

B—At 20,000 feet +10 degrees centigrade 
ambient temperature 

C—A\t 40,000 feet —40 degrees centigrade 
ambient temperature 

D—At 50,000 feet —40 degrees centigrade 
ambient temperature 
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2. Limiting sea-level temperature rises for motors 
on the basis of constant or reduced life at altitude. 


This paper presents a qualitative method of 
analysis rather than a definitive solution of 
the problems involved. 


NE of the first steps tobetaken when 

applying a blast-cooled generator to 
any given airplane is to determine the 
amount of pressure head available for each 
significant flight condition. By compar- 
ing this head with the pressure on which 
the machine’s rating is based, the applica- 
tion engineer can determine approxi- 
mately what output can be obtained with- 
out danger of overheating the generator. 
One object of this paper is to demonstrate 
a method for readily determining the 
available pressure head without as many 
flight tests as now commonly taken. A 
knowledge of this pressure head under 
more conditions makes it possible to ap- 
ply generators more accurately and to 
obtain more representative altitude- 
chamber data. 

Altitude rating of generators is ap- 
proached from the standpoint of deter- 
mining the load required at all altitudes 
to give the same total winding tempera- 
ture. This approach leads to the permis- 
sible output of the generator for constant 
insulation life at all altitudes. 

Altitude rating of motors has been ap- 
proached from a somewhat different angle. 
Load and speed are assumed constant, 
and relationships are established between 
sea-level rise and total winding tempera- 
ture at altitude. By assuming that insu- 
lation life halves with each 10-degree- 
centigrade increase in temperature, the 
effect of sea-level temperature rise on the 
altitude life of insulation was determined 
and plotted in Figure 1, which was derived 
from Figure 8. 

It must be emphasized, however, that 
generator outputs above full load well may 
be limited by commutation or by excita- 
tion power. This paper is concerned only 
with the influence of temperature on 
rating and starts with a study of blast- 
cooling phenomena. 


Summary and Conclusions 
A. A theory of blast-tube cooling has been 


developed and confirmed in part by actual 
flight tests. 
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2. More accurate infor 
sures available for specific generat 


i; wetustion in v paiabee fo) 


airplanes. 

3. More accurate information in applying 1 
tors. J 

4. Moreaccurate information for a ee : 
tests. ~ ' m~ ¢ 
C. Salient features of this plast-tube: a * : 


are: 


1. Air flow is measured in terms of aides esas 


2. Bilast-tube characteristics can be Peviens = oe by) ] 
two factors: “4 
(a). Closed-end pressure, analogous to opareiceal 
voltage of a battery. 

(b). Air-flow resistance, anslogons. to internal re- | 
sistance of a battery. ‘ 
3.° A generator without a fan has —— resistance 
only. . 
4. A generator with internal fan has airflow re- 
sistance plus internal pressure. 


5. Calculations of air flow (in terms of velocity 
head) are analogous to, and as simple as, the ap- 
plication of Ohm’s law. 


6. Closed-end pressure of a blast tube is independ- 
ent of altitude, but for any given airplane is ap- 
proximately proportional to the square of the indi- 
cated air speed. 


7. Air-flow resistance of the blast tube, or genera- 
tor, is independent of altitude, and independent of 
the indicated air speed. 


8. Total pressure head on a blast-cooled generator, 
at any given indicated air speed, is substantially in- 
dependent of altitude, unless the generator has an 
internal fan. 

D. Generally speaking, the permet out- 
put of a blast-cooled generator varies with 
the ramming-head pressure: above full load, 
the output tends to vary as the fourth root 
of the pressure; below full load, the output 
tends to vary as the square root of the pres- 
sure. 


E. Altitude adversely affects the rating of 
the following classes of machines in the order 
given: 

1. Fan-cooled machines (open or enclosed)—most 
affected. 

2. Blast-cooled machines. 

3. Totally-enclosed machines (not fan-cooled)— 
least affected. 

F. Increase in altitude has its greatest ef- 
fect on the rating of all classes of electric 
equipment in the isothermal stratosphere 
which begins, according to Army maximum 
standards, at 40,000 feet. 


G. Asarule the higher the sea-level tem- 
perature rise, the more the output is affected 
adversely by increase in altitude. Con- 
versely, the higher the specified maximum 
altitude, the lower must be the sea-level rise. 


H. Since apparatus with a high sea-level 
temperature rise is affected more adversely 
by altitude than apparatus with a low sea- 
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level rise, it follows that the use of high- 
_ temperature insulation offers less promise of © 


weight reduction as the specified maximum 
altitude israised. } 


‘I. Blast-cooled generators with class A 
‘insulation should be able to deliver full out- 


put up to 49,000 feet, provided the entering- 
air temperature does not exceed the Army 


‘maximum specification. If class B insula- 


tion is used, and if the sea-level rise is in- 
creased accordingly, full output should be 
expected only up to 40,000 feet. 


J. Fan-cooled generators generally are not 
practicable for altitudes above 20,000 feet. 


kK. Fan-cooled motors which are expected 
to deliver full rated output with full life 
expectancy at 40,000 feet should have a sea- 
level temperature rise not exceeding: 


1. 50 degrees centigrade if class A insulation is 


2. 56 degrees centigrade if class B insulation is 
used. ; 


- These figures are based on an ambient tem- 


perature per Army maximum specification 
and full life expectancy at altitude. Con- 
siderable reduction in life expectancy at 
altitude does not increase the permissible 
sea-level rise so much as might be supposed. 
See Figure 1. 


_ L. Fan-cooled motors which are expected 


to deliver full rated output with full life ex- 
pectancy at 50,000 feet should have a sea- 
level temperature rise not exceeding: 


1. 383 degrees centigrade if class A insulation is 


used. 
2. 37 degrees centigrade if class B insulation is 
used. 


These figures are likewise based on an am- 
bient temperature per Army maximum 
specification and full life at altitude. Re- 
duction of altitude life for changes in sea- 
level rise is shown in Figure 1. 


M. Fan-cooled motors designed for a maxi- 
mum altitude of 50,000 feet may be as much 
as 20 per cent heavier than comparable 
motors designed for 40,000 feet, unless the 
life at top altitude is considerably reduced. 


N. Enclosed motors, and static apparatus 
cooled by radiation and free convection, 
can be permitted a sea-level rise of 70 de- 
grees centigrade for class A insulation, or 90 
degrees centigrade for class B insulation; 
such apparatus should be satisfactory for all 
altitudes up to 50,000 feet, provided the 
ambient temperature does not exceed the 
Army maximum value. 


Air-Flow Mechanics of Blast-Tube 
Cooling 


Heretofore the only method available 
for determining the total pressure head 
available for a particular blast-cooled 
generator has been by an actual flight 
test. This method has the advantage of 
being simple and direct. But it has the 
important disadvantage of requiring a 
flight test for every generator—airplane 
combination to be studied. Because this 
procedure would require too many flight 
tests, there is an unfortunate tendency to 
take a mere guess at the pressure. A 
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PRESSURE ABOVE ACCESSORY 
COMPARTMENT — INCHES OF WATER 


140 160 180 
INDICATED AIR SPEED —MILES PER HOUR 


200 


Figure 2. Flight-test measurements of the 
total pressure head available at the generator 
end of the blast tube with no generator 


Four-engine bomber, number 2 nacelle 
A—Closed-end readings 
B—Open-end readings 
Altitude: 5,000 feet 


somewhat different approach to this prob- 
lem was presented to AIEE in 1944.1 
Since then some flight tests have been 
made which tend to confirm the practica- 
bility of this approach. The method 
therein presented is summarized in the 
following paragraphs, together with flight- 
test data. 

The underlying philosophy of this 
method is to measure, by means of a 
flight test, the pressure-flow curve of the 
blast tube itself; that is, a curve of total 
pressure head available versus the quan- 
tity of air takenfromthetube. Similarly, 
by means of a laboratory test the pres- 
sure-flow curve of the generator under 
consideration is determined by measuring 
the pressure required to force different 
amounts of air through the generator. 
When these two pressure-flow curves are 
plotted on the same curve sheet, the point 
of intersection automatically gives the 
pressure across the generator as well as 
the amount of air flow. Likewise, the 
pressure-flow curve for any other genera- 
tor then can be determined and plotted 
in order to determine the pressure and 
amount of air available for that particular 
generator without an additional flight 
test. But the pressure and amount of air 
can be computed even more easily by 
making use of the equations of Figure 4 
which have been arranged in the form of 
simple electric-circuit equations; use of 
these equations is explained more fully 
later. 

Extremely significant to this method is 
the factor selected as an indication of 
“quantity of air,’’ namely, velocity head. 
Because of its importance the significance 


Veinott—Effect of Altitude on Ventilation and Rating 


x 


NI 
543] 
| 
2s 
Fs 
K 
a 
|_| 


[va 
w 
| od 
< 
= 
uw 
° 
rf 
as 
(8) 
z 
| 
(a) 
< 
w 
ae 
z 
E 
fe) 
Lod 


VELOCITY HEAD IN BLAST TUBE 
—INCHES OF WATER 
Figure 3. Pressure-flow curves of blast tubes 
and aircraft generators 


Two-inch-diameter blast tube 
O Blast-tube pressure-flow curves determined 
by flight tests without generators 
A Generator pressure-flow curve determined 
by laboratory tests 
+ Generator pressures measured on flight test 


A—Pressure-flow curve of a representative 
generator 
B—Blast-tube pressure-flow curves at 200- 
miles-per-hour indicated air speed 
C—At 180-miles-per-hour indicated air speed 
D—At 160-miles-per-hour indicated air speed 
E—At 140-miles-per-hour indicated air speed 
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No Fen in the Generator 


E. =open-circuit volts 
Ry =line resistance 

| =current 
Rg =load resistance 


Closed-end head =he 
Blast-tube resistance =R 
Velocity head of how =h» 
Generator resistance =Rg 


h he = E. 
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Rgh RoE. 
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hgf ot 
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h Ry g + E 
Spiny f] | 7 te imal 
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_ Rohe Rthos ” RoEc—ReE og 
~ Rt t+Ro Ro +Rt 
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Note: If hg is —, gen- Note: If Eg is —, Eos 


helps overcome Rr as well 
as Ry; and more current 
would flow if terminals 
Eg were short-circuited. 


erator fan helps overcome 

Ri as well as Rg, and more 

air would flow through 

generator if blast tube. 
were removed from gen- 

erator. 


Figure 4. Electric circuit analogue 
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A meh ) 
of the use of velocity head as an fadicetion: 
of flow merits some discussion. 


VELocITy HEAD AS AN tere non OF 
AIR FLOW 


Air flow through the blast-tube might 
be measured in any number of ways: 
cubic feet per minute, pounds per 
minute, linear velocity, or velocity head. 
Of these, velocity head is by far the most 
useful for a number of important reasons. 
One reason is that, when flow is expressed 
in terms of velocity head, the pressure- 
flow curve of the blast tube, as well as 
the pressure-flow curve of the generator, 
is substantially independant of air density 
and, therefore, substantially independent 
of altitude. Asecond, and very important 
advantage of the use of velocity head, is 
that the pressure-flow curves of both blast 
tubes and generators alike become 
straight lines. Now, since the pressure- 
flow curve of a blast tube is a straight line, 
it is necessary to measure only two points 
on it. (For a generator pressure-flow 
curve, only a single point is needed.) 
These two points can be determined most 
conveniently by measuring the open-end 
and closed-end pressures, as pointed out 
in a previous paper.! 


Fiicut TEsts TO CHECK Basic THEORY 
oF BLAst-TUBE COOLING 


Flight tests were made at Vandalia, 
Ohio, with the co-operation of the Army 
Air Forces, for the purpose of verifying 
the principle and for obtaining specific 
data on at least one particular airplane. 
For purposes of these tests, a 4-engine 
bomber was selected. The generator was 
removed from number 2 nacelle, and in its 
place a 24-inch length of straight tubing 
2 inches in inside diameter was used. 
Near the end of this straight tube a con- 
ventional pitot tube was installed. For 
the first flight test the end was capped 
and the airplane flown at various indicated 
air speeds at various altitudes. Total 
pressures at the end of the blast tube 
above accessory compartment were meas- 
ured and recorded. A second flight test 
was made with the end of the blast tube 
open and with the tube discharging freely 
into the accessory compartment. It 
was found, as expected, that the total 
pressure above the accessory compart- 
ment, whether the end was closed or open, 
depended upon the indicated air speed 
but was substantially independent of the 
altitude. The open- and closed-end read- 
ings which were taken at an altitude of 
5,000 feet have been plotted in Figure 2. 
Two additional similar curves were taken 
flying at altitudes of 10,000 and 15,000 
feet, respectively; the resulting data 
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Figure 5. Variation of total losses of an air- 
craft generator as a function of output am- 
peres and rpm 
A—At 4,000 rpm 
B—At 6,000 rpm 
C—At 8,000 rpm 
Generator rating: 9 kw, 30 volts, 300 am- 
peres, 4,400-8,000 rpm 


were nearly identical with those of 
Figure 2. 

From the open- and closed-end read- 
ings taken on the flight tests, pressure-flow 
curves of the blast tube were plotted for 
different indicated air speeds; these 
curves are given in Figure 3. (In Figure 3 
each point is the average of several read- 
ings taken at three different altitudes.) 
Next the generator was set up in the lab- 
oratory, and total pressure heads of 4, 6, 
8, and 10 inches, respectively, were im- 
pressed on the generator. Temperature 
of the entering air was held at various 
values from —5 degrees centigrade to 
+20 degrees centigrade, and the pressure 
altitude of the incoming air was varied 
from 5,000 to 15,000 feet. Velocity heads 
of the entering air were measured and 
averaged for each different applied pres- 
sure. In Figure 3 velocity head in the 
blast tube has been plotted against total 
pressure head applied, obtaining the pres- 
sure-flow curve of this particular genera- 

(Ordinarily it is sufficient to measure 
the flow for a given pressure at ground- 
level conditions; entering-air temperature 
and atmospheric pressure have relatively 
little effect in this measurement, because 
velocity head is used as the measure of 
flow.) 

Points of intersection of the pressure- 
flow curve of the generator with the re- 
spective pressure-flow curves of the blast 
tube give the pressures to be expected 
upon that generator in flight; these inter- 
section points also give the velocity heads 
of air flowing through the blast tube and 
generator. As a check, this generator 
was installed and flight tested; observed 
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flow curves and determi 
intersection, it is much simpl 


late the point of intersection. hive 5 


purpose one concept needs to be intro- 


duced—that of air-flow resistance which 


is defined as the ratio of the lost head to 
the velocity head. This concept ma 


air-flow resistance comparable to ohmic 
resistance in an electric circuit, which is_ 
the ratio of the voltage drop to the cur- 
rent. Ina blast tube, however, a 25s ob 


caution must be given: in any ek 


blast-tube system, all velocity heads must — 
be referred to the same diameter of tube. 


Air-flow resistance of the blast tube is 


4 


To er rad (Li 
aie : Q) 
Air-flow resistance of a generator without 
a fan is 
Ig 
Rg= 2 
a (2) 


A tube resistance, R;, of 4.0 means that 
the head loss in the tube is equal to 4:0 
velocity heads. Thus, air-flow resistance, 
as defined and used herein, does have a 
definite physical significance. 

Just as the characteristics of a battery 
can be expressed in terms of open-circuit 
voltage and internal resistance, so can the 
pressure-flow curve of a blast tube be ex- 
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Figure 6. Influence of altitude on the permis- 
sible continuous outputs of blast-cooled gen- 
erators 


Calculations are based on the constant winding 

temperatures shown on the respective curves 

— Output based on Army maximum ambient 
temperatures 

— — Output based on NACA ambient tem- 


peratures 


A—Army maximum ambient temperature 
B—NACA ambient temperature 
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I 1 . t will be noted 
that the open-end pressures 
these were used in ‘calculating the tube 
resistance. It is particularly gratifying 
to note that the tube resistance does not 
vary with altitude, nor does it vary to any 
significant extent with indicated air speed. 
There is no particular reason why it 
should vary with altitude or with air 
speed, and the slight discrepancies noted 
may be due to test errors. 
_ Equations for calculating the pressure 
head available for any generator of known 
air-flow resistance are given in Figure 4, 
where they are compared with exactly 
_ analogous equations for a simple d-c series 
. Circuit. The analogy is of great assist- 
ance in remembering the equations. 
Extension of this theory to include gen- 
_ erators with an internal fan was a natural 
' development of the electric-circuit ana- 


logue. 


PW CANES 


4 


Generators Wirn INTERNAL FAN 


Internal fans alone usually do not pro- 
vide enough ventilation to make genera- 
~ tors satisfactory above 20,000 feet. 
' However, use of an internal fan does pro- 
vide some ground power capacity and, 
when used in conjunction with blast cool- 
ing, has the general effect of increasing the 
air flow. Let the pressure of the internal 
fan be denoted by hy. This pressure is 
proportional to the square of the speed 
and to the first power of the air density; 
it can be represented by the equation 


Nv \ 
=F. —————— 
har x(a) 


where F, is an empirical constant. 
Physically, F, is the pressure developed 
by the fan at sea-level air density at 1,000 
revolutions per minute. This constant 
F, might be measured by blocking either 
the inlet or the outlet and measuring the 
pressure at the blocked end of the gen- 
erator; readings should be taken at dif- 
ferent speeds and the constant F, deter- 
mined from equation 3. 

Air-flow resistance of a fan-cooled gen- 
erator can be determined by applying a 


(3) 


Po 


Table |. Blast-Tube Characteristics Obtained 
From Flight Tests 
Indicated Open-End Closed-End Tube 
Air Pressure, Pressure, Resistance, 
Speed Ho t 
TA alace ee 5B. ae Bare Ae eee 1.76 
cl ee ee et Se Oi ee A oe 1.60 
TI aan eure 5.0 + 8 
COB Tee Ss sieke 5.9 
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Figure 7. Influence of ambient temperatures 


on the permissible continuous output of a 
blast-cooled generator at various altitudes 


Generator rating: 9 kw, 300 amperes, 30 
volts 

Winding temperature: 150 degrees centi- 
grade 

— — — NACA temperature 

— Actual ambient temperatures used in 

laboratory tests 
Army maximum temperatures © 


known pressure head h, and measuring 
the velocity head h,, of the entering air. 
The air-flow resistance is then 


R father 
g hog 


(4) 


Velocity head of the air flowing into a 
fan-cooled generator and pressure head 
across it can be computed by using the 
equations of Figure 4. It is to be noted 
that the same constants of the blast tube 
apply whether the generator has an in- 
ternal fan or not. However, since the 
pressure of the generator fan does vary 
with altitude, the pressure drop across the 
generator also will vary with altitude. 
If there is no internal fan in the generator, 
the pressure across the generator will not 
vary with altitude. If there is an internal 
fan, the general effect of altitude will be to 
reduce the velocity-head flow and to in- 
crease the pressure across the generator. 

Of interest is the case of the blast- 
cooled generator with internal fan operat- 
ing on the ground with no ram-head pres- 
sure applied. From the equations of 
Figure 4, the air flow through the genera- 
tor and blast-tube combination and the 
pressure across the generator (necessarily 
negative) readily can be computed. The 
cooling effect, of course, is determined by 
the weight of air flowing, rather than by 
the pressure head. 
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watts taken away by the cooling air can 
be assumed to be approximately propor- 
tional to the total weight flow of the cool- 
ing air and also to the temperature rise 


of the windings above the entering-air 


temperature. In other words 
P,« W(T,—T,) (5)* 
but, for the general case, 


We phy 6 


for blast-cooled generators with no in- 
ternal fan 


ly=hg 

so that we may assume 

We« WV hy (6a) 
therefore, 

Pi=CV ph,(Te—Ta) (7) 


Equation 7 is of inestimable value in 
evaluating altitude performance. It 
shows how the heat-dissipating capacity 
of the cooling air depends upon: 

Air density. 

Pressure head across the generator. 
Winding temperature. 

Ambient temperature. 


ON 


Of even greater interest to the user of 
generators, however, is a knowledge of 
how the permissible output, rather than 
permissible loss, depends upon these same 
factors. For this purpose, it is necessary 
to know how the total losses in the ma- 
chine vary with the output. 

There is no single fixed relationship be- 
tween output and losses which holds for 
all aircraft electric machines. Generally 
speaking the losses may be divided into 
two broad classes: 


1. Constant losses. 


2. Variable losses which generally vary as 
the square of the current. 


Maximum efficiency of the generator 
is obtained when the constant losses 
are equal to the variable losses, and, at 
this point, the efficiency curve is usually 
quite flat. An efficiency curve flat over 
a range means that the losses are directly 
proportional to the output over the same 
range. Below the maximum-efficiency 
point they decrease more slowly than the 
output. How these total losses vary with 
the current has been plotted in Figure 5 
for a typical 9-kw d-c aircraft generator. 


* More accurately, W should have an exponent 
slightly less than 1.0, but for the purposes of this 
paper the gain in accuracy in using a decimal ex- 
ponent here is hardly justifiable. 
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In a blast-cooled generator the total 
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ALTITUDE — THOUSANDS OF FEET 
Figure 8. Fan-cooled motors, open or en- 
closed; effect of altitude on the winding 
temperature for different values of sea-level 
rise 


Output, losses, and rpm assumed constant 
A—Anmbient temperature (Army maximum) 
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Figure 9. Curve showing approximately how 
the weight of an open fan-cooled motor is 
affected by the maximum altitude for which it 
is designed 
Based on Army maximum ambient temperature 
curve and a motor designed for 40,000-foot 
altitude as unit weight 


It will be noted that the variation of 
losses with current also is affected by the 
generator’s operating speed, which 
changes the distribution between the con- 
stant and variable losses. It will be ob- 
served on this curve that, the higher the 
load, the faster the losses increase with 
increase in current. It would be conveni- 
ent if we could express the losses as a 
simple function of the load current, such 


as 
= C18 (8) 


Unfortunately the value of 6, which is the 
slope of the curve, is not constant through- 
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eee accurate me bien ae 
take 6 equal to 2.0 for outputs above full 
load and to assume it equal to 1.0 for 
loads from full load down to half load. 

Variation of the output with the ram- 
head pressure, h,, on the generator now 
can be expressed. Equation 7 can be 
rewritten, first, in terms of permissible 
loss, as follows: 


Fae y(" yd) 
Pro i hoo Tso- Too 
Subscript A denotes any altitude, and 
subscript o denotes sea level. This equa- 
tion shows how the losses that can be 
dissipated vary with altitude conditions, 
and with ramming-head pressure. It will 
be noted that the permissible watts vary 
as the square root of this ramming-head 
pressure. This relationship then can be 
interpreted in terms of current output as 
follows: ; 


ie hga\ (Tsa—Taa\ |'/? 
fa_| (24 We ) ( Tso—TLao ) oe 


When the expression in brackets is 
greater than unity, 8 may be taken equal 
to 2.0. When the expression in brackets 
is less than unity, 6 may be taken equal to 
1.0. In other words, if the pressure avail- 
able is less than the rated pressure, the 
generator should be derated propor- 
tionally to the square root of the applied 
pressure; if the pressure is more than the 
specified value, the generator could be 
uprated, so far as overheating is con- 
cerned, as the fourth root of the pressure. 
However, it must be borne in mind that 
commutation, field excitation, or some 
limit other than temperature rise may 
limit the uprating of the generator. 

Equation 10 was developed for the 
most common case of a generator without 
afan. To take into account the effect 
of an internal fan, equation 10 can be 
written as follows: 


(9) 


1 
LNG Nie) Gesre) "00 
I, Po / \hvo Tso—Tao 

In this equation, /,. represents the veloc- 
ity head of the air entering the generator 
at sea level with rated pressure applied. 
Theoretically, this equation should be 
applicable when no ram head is applied; 
practically, the equation is of rather 
doubtful value when extended so far be- 
cause: 


1. The 8 exponent does not hold so well for 
low values of load, for instance, below 30 
per cent. 


2. The effect of the rotation of the arma- 
ture, which is more important under these 
conditions, is not fully taken into account. 
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pooled sincnine this pe hes vary ’ 
altitude. 


8. Ambient temperature. ‘In lage folk 
analysis this generally was 
specified by the Army inoadiadert curve (see 
Figure 6, and Table II), but this may not 
always be so. Test data are needed on 


entering-air temperatures of blast-cooled _ 


generators. 


4. Permissible or assumed temperature of — 
the windings. 


. 


x 


5. 8, that is, how much the losses vary with | 


the current output. 


A general relationship between the fore- 
going factors is shown in equation 10, 
In Figure 6 are plotted some curves cal- 
culated from this equation. In all of 


these curves the total winding tempera- — 
ture has been assumed constant at all 


altitudes. These curves show the in- 
fluence of altitude on the permissible con- 
tinuous output of blast-cooled gen- 
erators. Three different machines were 
taken for this analysis, having assumed 
winding temperatures of 130 degrees 
centigrade, 150 degrees centigrade, and 
200 degrees centigrade respectively. This 
would correspond approximately to class 
A insulation, class B insulation, and 
special high-temperature insulation. It 
further was assumed that the temperature 
of the entering air was at Army maximum 
value, as shown in Figure 6 and Table II, 
and that the machine had rated tempera- 
ture rise at sea level. Also, the permis- 
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Figure 10. Enclosed motors, effect of altitude 
on the frame temperature for different values of 
sea-level rise 


Output and losses assumed constant 
A—Anmbient temperature (Army maximum) 
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sible outputs of these same machines were 


computed on the basis of entering-air tem- 
peratures equal to National Advisory 
Committee on Aeronautics ambient tem- 
peratures; these temperatures are also 
shown in Figure 6 and Table II. . Some 
interesting conclusions are deducible from 
the curves in Figure 6. 


If the sea-level temperature rise is not 
over 70 degrees centigrade, full output 
rating can be obtained up to 49,000 feet. 
However, if the machine is designed for a 
higher sea-level temperature rise, such as 
90 degrees centigrade, full rated output 
can be maintained only up to 42,000 feet. 
If extra-high-temperature insulation is 
used that permits the machine to have a 
sea-level rise of 140 degrees centigrade, 
full rating can be maintained only up to 
20,000 feet. Any given machine can 
develop more output without overheating 
in an NACA standard atmosphere than 
in an Army maximum standard atmos- 
phere, because the former has lower tem- 
peratures. This effect is shown in Figure 
6 for the three hypothetical machines by 
plotting the permissible output for both 
ambient-temperature curves. The dif- 
ference in output decreases with altitude, 
especially above 40,000 feet. 

Curves shown in Figure 6 should be 
fairly representative of blast-cooled gen- 
erators. For purposes of comparison, 
similar curves, except that they are based 
on actual tests on a typical aircraft gen- 
erator, are given in Figure 7. These 
curves are based on altitude-chamber 
tests on a 9-kw d-c generator. Actual 
temperature rises were measured at dif- 
ferent altitudes in the chamber, and the 
three output curves at the top of the sheet 
were corrected by calculation to corre- 
spond to the three different ambient tem- 
perature curves shown at the bottom. In 
making these corrections, it was assumed 
that temperature rise was directly pro- 
portional to watts loss. Permissible watts 
loss was converted to current output by 
making use of Figure 5, which applies to 
the particular generator that was altitude- 
tested. In general these curves agree with 
the 150 degrees centigrade curve of 
Figure 6 with a reasonable degree of ac- 
curacy. However, they tend to show 
that there is some loss in permissible out- 
put above 34,000 feet, whereas the theo- 
retical curve of Figure 6 shows full out- 
put being maintained up to 42,000 feet. 


Effect of Altitude on Aircraft Motors 
Permissiblelossin anaircraft motor varies 
with speed as well as with permissible tem- 


perature rise and air density. Hence, it is 
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Table Il. Standard Temperatures and Densities of Air for Both National Advisory Cominitiee 


on Aeronautics and Army Maximum Standards 


t 
i 


NACA Standard Conditions 


Army Maximum Conditions 


Pressure Tem- Tem- 
, perature, Pounds Perature, Pounds 
Alti- Centi- Degrees Per p Degrees Per P) 
tude, Inches, meters, Centi- Foot, .———— Centi- Foot, ————_-—_——_- 
Feet Hg Hg grade p 0.07651 Y0.07651 grade p 0.06617 0.06617 
0...29.921..76.00 .. 15 ..0.07651 ..1.0000 ..1.0000.. 60 ..0.06617 ..1.0000 ..1.0000 
5,000. ..24.89 ..63.23 5.1..0.06591 ..0.8615 ..0.9282.. 47.5..0.05719 ..0.8643 ..0.9297 
10,000. ..20.58 ..52.26 ..— 4.8..0.05651 ..0.7386 ..0.8594.. 35.0..0.04921 ..0.7437 ..0.8624 
15,000...16.88 ..42.88 ..—14.7..0.04813 ..0.6291 ..0.7932.. 22.5..0.04207 ..0.6358 ..0.7974 
20,000...13.75 ..384.91 ..—24.6..0.04076 ..0.5327 ..0.7299.. 10.0..0.03578 ..0.5407 ..0.7353 
25,000...11.10 ..28.19 ..—34.5..0.08427 ..0.4479 ..0.6693..— 2.5..0.03022 ..0.4567 ..0.6758 
30,000... 8.880..22.56 ..—44.4..0.02861 ..0.3739 ..0.6115..—15.0..0.02535 ..0.3831 ..0.6190 
35,000... 7.036..17.87 ..—54.3..0.02369 ..0.3096 ..0.5564..—37.5..0.02200 ..0.3325 ..0.5766 
40,000... 5.541..14.07 ..—55.0..0.01872 ..0.2447 ..0.4947..—40.0..0.017513..0.2647 ..0.5144 
45,000... 4.364..11.08 ..—55.0..0.01474 ..0.1927 ..0.4390..—40.0..0.013793..0.2084 ..0.4565 
50,000... 3.4386.. 8.730..—55.0..0.011607. .0.15171..0.3895.. —40.0..0.01086 ..0.16412..0.4051 
55,000... 2.707.. 6.876..—55.0..0.009143. .0.11950. .0.3457.. —40.0..0.008556. .0.1293 ..0.3596 
60,000... 2.132.. 5.415..—55.0..0.007201..0.09412. .0.3068.. —40.0. .0.006738. .0.10182..0.3191 
. 1.679.. 4.265..—55.0..0.005671. .0.07412. .0.2723... —40.0..0.005307..0.08020. .0.2832 


difficult to express the output as a function 
of altitude because of the variation in 
speed, particularly in the case of a series 
motor. Furthermore, for many applica- 
tions the load imposed on the motor does 
not vary with altitude, so that the motor 
has to carry the same load at all altitudes. 
Therefore a new and somewhat different 
approach has been used. This approach 
involves investigating the actual tempera- 
tures encountered by the windings at dif- 
ferent altitudes, assuming a constant load 
and a constant speed. However, in some 
applications, notably fan, the load falls 
off at altitude, and the speed will increase 
if a series motor is being used. For the 
present, however, the following discussion 
is confined to motots operating at a con- 
stant load and a constant speed. 

There are two types of motors to be con- 
sidered: fan-cooled, open or enclosed; 
and enclosed. 


Fan-CooLep Morors (OPEN OR 
ENCLOSED) 


Temperature-rise tests taken in an alti- 
tude chamber on a number of aircraft 
motors under different conditions showed 
that the temperature rise was approxi- 
mately inversely proportional to the den- 
sity raised to the 0.9 power. By use of 
this empirical fact, the winding tempera- 
ture of open fan-cooled aircraft motors 
has been calculated and plotted in Figure 
8 as a function of altitude with sea-level 
rise as parameter. From these curves a 
number of interesting conclusions can be 
deduced: 


1. Winding temperatures start to increase 
sharply above 40,000 feet. For satisfactory 
performance at high altitude, a compara- 
tively low sea-level temperature rise is es- 
sential. 


2. Use of high-temperature insulation is 
not particularly helpful, either in increasing 
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the maximum altitude rating or in reducing 
the weight by increasing the permissible 
sea-level rise. 

3. Fora maximum altitude rating of 40,000 | 
feet, at a maximum ambient temperature of 
—40 degrees centigrade, the maximum per- 
missible sea-level rise is: for class A insula- 
tion, 50 degrees centigrade; for class B in- 
sulation, 56 degrees centigrade. 


4. Fora maximum altitude rating of 50,000 
feet, at a maximum ambient temperature of 
—40 degrees centigrade, the maximum sea- 
level rise would be: for class A insulation, 
33 degrees centigrade; for class B insula- 
tion, 87 degrees centigrade. Use of a high- 
temperature insulation which would permit 
a temperature rise of 140 degrees centigrade 
(total temperature of 200 degrees centigrade) 
still would require the motor to have a sea- 
level rise as low as 46 degrees centigrade. 


These conclusions are somewhat pessi- 
mistic for motors smaller than 4 inches in 
diameter, and optimistic for motors larger 
than this. 

Weight is always a matter of primary 
concern, and it would be interesting to 
know how the weight of a motor is af- 
fected by the maximum altitude at which 
the motor is intended to operate. Curves 
in Figure 8 show what the sea-level rise 
has to be in order not to exceed safe 
temperatures at any given altitude, but 
it is not so easy to determine how the 
weight of the motor is affected by the — 
sea-level temperature rise for which it is 
designed. However, since it frequently is 
assumed that weight is proportional to 
the square root of the output, it seems 
fairly reasonable to assume that the 
weight would vary inversely as the square 
root of the specified sea-level temperature 
rise. On this assumption, Figure 9 was 
plotted to show how the weight of an 
open fan-cooled aircraft motor is affected 
by the maximum altitude for which the 
motor is designed. This curve shows that 
a motor actually designed for 50,000 feet 
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might be as much as 20 per cent heavier 
than similar motors designed for a maxi- 
mum altitude of but 40,000 feet. 


ENcLosep Motors (Not Fan Coo.ep) 


The dissipating capacity of an enclosed 
motor does not fall off with increase in 
altitude so fast as that of a fan-cooled 
motor, primarily because: 


1. Watts loss dissipated by radiation is 
independent of the air density. 


2. Watts loss dissipated by natural con- 
vection is proportional to the square root of 
the density. (With forced convection, as in 
blast-cooled or fan-cooled machines, the 
watts dissipated are proportional to the first 
power of density.) 


Using a combination of empirical and 
theoretical data, the frame temperature 
of a totally enclosed motor has been cal- 
culated as a function of altitude, with sea- 
level temperature rise of the frame as 
parameter. These curves are given in 
Figure 10. (It must be borne in mind 
that the temperature of the winding will 
be somewhat higher than the frame tem- 
perature.) Comparing these curves with 
those of Figure 8, it readily is concluded 
that the rating of enclosed motors is not 
reduced so much at altitude as those of 
fan-cooled motors. In fact, if a totally 
enclosed motor is designed for a sea-level 
rise of 70 degrees centigrade, it should give 
satisfactory performance at all altitudes 
from sea level up to well above 60,000 
feet. It also appears likely that a motor 
designed for class B insulation with a 90- 


degree-centigrade temperature rise at sea’ 
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level would be satisfactory at all altitudes 
from sea-level up to 50,000 or 60,000 feet. 


Summary of Effect of Altitude on 
Heat Transfer 


Generally speaking, the heat generated 
in an aircraft electric machine may be 
dissipated in a number of different ways. 
How altitude conditions affect the amount 
of heat lost by each of the different com- 
ponents of heat transfer are summarized 
in the following equations. 


Forced convection, blast cooling, without 
internal fan :* 


ee 
PAS Po /\hgo Ts0—Tao 


Forced convection, fan cooling: 
Pia pa. ,RPMa Tsa—-Taa 


(11) 


= (12) 
Pr Po RPM, TV go—Tao 
Free convection: 
P Te, Tee 
GEE « 
yo Po Tgo—T a0 
Radiation: 
Pia _(Tsa+278)4— (Tan +278)* (14) 


Py (Fgo+278)4—(Tao+273)* 
Symbols 


A =subscript A denotes “‘at altitude.””’ May 
be added to any of the following 
symbols 

o=subscript o denotes ‘‘at sea level.’”’ May 
be added to any of the following 
symbols 


* If an internal fan is used, substitute Ava and hyo 
for hgA and hgo, respectively. 
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he =closed-end pressure of a blast tube above 
accessory compartment, inches of 
water 

h,=open-end pressure of a blast tube above 

"accessory compartment, inches of 

water 

hj=total head across the generator, inches 
of water 

h,»=velocity head of air flowing through 
blast tube, inches of water 

h-g=velocity head of air entering generator, 
inches of water (equation 4) 

hyy= pressure head developed by an internal 
fan, inches of water 

F,=pressure developed by an internal fan 
at 1,000 rpm at sea-level air density 

N=revolutions per minute 

T,=temperature of exit air, degrees centi- 


grade 

T;=temperature of stator windings, degrees 
centigrade 

Tg=temperature of ambient air or of air 
entering generator 

P,=total watts loss carried away by cooling 
air 

W=weight flow of cooling air, pounds per 
minute 

p=specific weight of air, pounds per cubic 
foot 


C,, Co, ... = proportionality constants 

6 =exponent in equation 8 

I,=current rating of generator at sea-level, 
amperes 

I,4=permissible current output (thermal 
basis only) at altitude, amperes 
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Synopsis: This paper describes the applica- 


tion of the transient analyzer to the solution 


of servomechanism problems by the elec- 
trical-mechanical analogy method. The 
analogies for angular position servomecha- 
nisms are developed in detail together with 
the fundamental concepts by which the sys- 


‘tems can be defined in terms of dimension- 


less parameters. This permits the results to 
be given in dimensionless form suitable for 
general application. Typical solutions of 
representative systems are given in the form 
of transient response curves. These show 


~ the response characteristics for suddenly 


~ motion. 


En, 


applied constant velocity and sinusoidal 
Also shown are the effects of vary- 
ing the controlling parameters of the system 
including the stiffness constant, one, two,and 
three time delays, and methods of producing 
system stability including negative RC feed- 
back and anticipatory control. A method is 
developed for setting up the analogy for a 
specific system on the transient analyzer by 
a suitable change in time and impedance 


_ bases. 


’ mathematical methods. 


ITH THE RAPID INCREASE in 

the use of accurate servomechanisms 
it has become desirable to provide a prac- 
tical means of quickly and accurately 
analyzing in detail their performance 
under various operating conditions. The 
complexity of most servo systems makes 
it impractical to’ calculate transient re- 
sponse in any detail by conventional 
Although it is 
usually possible to determine natural fre- 
quencies and damping rates, sufficient cal- 
culations to determine actual response for 
an optimum design is quite laborious and 
time consuming. The method of elec- 
trical analogy now has been applied to this 
type of system. Additional facilities in 
the form of special amplifier circuits have 
been developed to be used in conjunction 
with the mechanical-transients analyzer!” 
for setting up the electrical analogue of 
many of the basic types of servo systems. 
With this equipment an analogous electric 
circuit is set up; the desired transient or 
steady-state condition to which the servo 
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system must regulate is generated as an 
electrical excitation function; and the 
complete solution for its response is 
viewed or recorded on the screen of a 
cathode-ray oscilloscope. This paper 
treats the application of the transient 
analyzer to angular position servomecha- 
nisms, a fundamental analysis of which i is 
given in reference 3. 


Electrical Analogies for Angular 
Position Servomechanisms 


For most systems involving mechanical 
motion there are several practical elec- 
trical analogies.2 Thus several com- 
pletely electric circuits can be used to 
represent an electromechanical system. 
The one used here for angular position 
servomechanisms is illustrated in Figures 
1 and 8. Figure 1 shows the case of a 
simple error-control system with no elec- 
tric time delays. A single differential 
equation (equation 1) can be formed ex- 
pressing the mechanical motion of the 
system in terms of both mechanical and 
electrical parameters. The inertia is 
represented by an inductance and the 
motor-generator armature circuit losses 


ERROR 
MEASURER 


A—Mechanical system 
Equation for armature circuit: 


d% 
E,=Rai+g— zn 
Equation for motor torque: 
_ 0760 
bi = re 


Combining in a single torque equation: 


ole do bg dd 
R, -d@ R, dt 


=> M-= KO, — 4) 


1) 


Figure 1. 


time delays 


Electrical analogy used for simple 
error-control servomechanisms with no electric 


"by a resistor. The analogue for the error 
measurer is the capacitor Cy of Figure 1. 
The voltage across it is proportional to the 


' charge that is analogous to angular dis- 


placement 0, — 6) when the circuit for 
simulating the motion 6, to be followed by 
the servo system is connected as shown. 
A wide variation in the character of the 
motion 6, can be simulated with the excita- 
tion circuits of the mechanical-transients 
analyzer.? With these a voltage is pro- 
duced proportional to the assumed veloc- 
ity of the device to be followed. This 
feeds current into C, through a relatively 
high resistor, so that the voltage across 
C, is negligible during the period in which 
the solution is obtained. The capacitor 
voltage (which is the error voltage) also 
must be very small compared to the volt- 
ages across L and R of the servo analogy 
so as not to distort its motion. This 
requires a fairly large value of capacitance 
for C,. The amplifier of Figure 1 com- 
pletes the analogous circuit. Its output 
voltage E, is analogous to the controller 
torque M,, giving the simple relationship 
of equation 2 (Figure 1) for the stiffness 
constant K. 

General solutions? of this simple system 
can be expressed readily in dimensionless 
form as shown in Figure 2. This is of con- 
siderable value, as it greatly increases the 
usefulness of the solutions. As will be 
shown later, solutions for the more com- 


B—Analogous circuit for torque equation 


bg 
iter 


at 
=] 


C—Complete analogous circuit 


M. = K(O; bg )=ACe1 — eo) 


6,—4 
(e1— en) = 7 ° 
A 
cae 2 
K a (2) 
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plex practical servomechanisms also can 
be put in this same dimensionless form. 
It is this characteristic that allows the use 
of a calculating board device (with a 
limited range of variation in its circuit 
constants) for the general solution of such 
problems. Thus for convenience in set- 
ting up a given system on the analyzer 
the time base and the impedance base can 
be changed arbitrarily to form a new 
system from which either the actual nu- 
merical solution for the given system or a 
dimensionless solution readily can be 


a. Representation of armature circuit induc- 
tance 


A—Mechanical system 
B—Avnalogous all-electric circuit 


: di dé 
Ey=Rithi to, 
_ 024% 
rane 
giving 
bE, _Lal dt chi, bo dl 
“Ra Ra dt® "dt? ' Ra dt 
Electric circuit equation: 
d2ip 
Fo=RCL- arte "+ Rig 
bg lea hh 
here, R , L=I, =- 
where Ra C as 
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‘tae 2a 7" 
Flaca 2 (left ana 
right). 


curves of simple error 


constant velocity 


20 24 26 28 


obtained. The conversion formulas for 
making these changes are given in Table I. 
These are understood readily from con- 
sideration of the equations at the bottom 
of the table. Since the ratios of the angu- 
lar motion @ to the system torques are re- 
duced by the factor a in the simulated 
system, its stiffness constant K’’ must be 
greater than the actual stiffness K by the 
same ratio. The application of this 
table to the solution of an actual problem 
will be illustrated later. 


EFFECT OF ADDITIONAL TIME DELAYS 


The analogous circuit for cases where 
the motor generator armature circuit in- 
ductance is taken into account is de- 
veloped in Figure 3a. This inductance 
has its analogy in a capacitance C,, 
resulting in an RC time delay 7;. Other 
time delays, such as that in the generator 
field, can be represented by RC circuits 
placed between stages of the amplifier as 


ADDITIONAL 
TIME RELAYS 


3 STAGE 

AMPLIFIER 

b. Analogous circuits for time delays and 
negative RC feedback 


Equation for feedback voltage: 


—rCap 


a= EM, 
ys (1+p te ) 
d r 
p= i ti=RaCa, saa! 3 
—npt 
ea= C1 7 aT ae M.) 


Figure 3. Electrical analogies used for various 
elements of angular position servomechanisms 
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Response , 


servomechanisms to — 


i] 


(t)=error angle asfunction oftime 
Ossc= steady-state error angle for critically 
damped systems oe 


* 
ro 


Ol 
ssc = 2— i 
On > = 


w,= magnitude of applied constant velocity 


K 
iy \" =undamped natural frequency 


K=stiffness constant 
|=total system inertia 


—=ratio of actual to critical damping 


-c=actual damping 


shown in Figure 3b. It is necessary, 
however, that each delay circuit be iso- 
lated by a stage of amplification. Such 
time constants must be changed, when the 
time base is changed, as shown in Table I. 
When defining them for a general solution 
in dimensionless form they must be multi- 
plied by @,. 


STABILIZATION WiITH RC FEEDBACK 


For servomechanisms of this type sys- 
tem stability frequently is obtained by 


SYNCHRONOUS 
fae 


—— 


circuit for- error-plus-error 


rates control 


c. Analogous 


For actual system: 


Mas K(@,— 00) +KTgp(O1 — 6o)+ 


KT e%XO1— 0) 
In analogous circuit: 
Fo aM, 
b= % (0, 0)-+ ARpp(01 — 61)-+ 
ALop*(61 — 4) 
Kao Ta Bt Tea 
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TIME Buy ciRcuiTs 


- 


GAIN CONTROL 


_ nected across some voltage that is pro- 
_ portional to the controller torque M,. 
_ The equation for the feed-back voltage 
from this type of circuit is shown in 
Figure 3b. It is put in general form by 
expressing it in terms of a dimensionless 
ratio m and a time constant #4. For di- 
mensionless solutions ¢; must be multi- 
plied by w,. 


ERROR-PLUS-ERROR RATES CONTROL 


Other forms of system stability consist 
of providing an additional control torque 
term proportional to the first derivative 
of the error angle #,—6) and possibly a 
negative term proportional to the second 
derivative of the error angle. The forms 
for these control functions together with 
their electrical analogy are given in Figure 
3c. These functions are expressed in 
terms of the stiffness constant K and time 
constants, so that they can be defined 
readily in dimensionless form. In actual 
systems the control term proportional to 
the rate of change of the error angle 
(commonly called anticipatory control) 
usually must be produced by a mechanism 
having its own time delays. This is 
sometimes a gyroscopic mechanism. The 
method of representing these additional 
terms is shown in an example to be dis- 
cussed later (see Figure 11). 
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Figure 4, 
_ elements of amplifier 
used for servomech- 
anism analogies 


Description of the Servomechanism 
Analyzer 


Suitable amplifiers and associated cir- 
cuits have been developed to be used in 
conjunction with the mechanical-tran- 
sients analyzer to provide facilities for the 
rapid analysis of such servomechanisms 
as have been described above. The ampli- 
fier, typical elements of which are illus- 
trated in Figure 4, is of the conventional 
resistance coupled type, designed to have 
a frequency response that is flat down to 
10 cycles per second, that being the fre- 
quency at which the transient forcing 
functions usually are repeated on the 
analyzer.1'? This response is achieved 
by using large coupling and by-pass ca- 
pacitors and by using a regulated power 
supply which prevents regeneration at 
low frequencies. Although the amplifiers 
must be linear, the added complicaticn 
involved in using push-pull resistance 
coupled amplifiers was not justified, and 
single-ended triode amplifiers were found 
to be satisfactory. The maximum har- 
monic distortion in the last stage is about 
5 per cent; the distortion in the previous 
stages is entirely negligible. Power ampli- 
fiers are used for all but the first stage, so 
that various damping and time delay cir- 
cuits connected to the outputs of the vari- 
ous stages do not affect the amplification. 


Figure 5. Setup in | 
transients analyzer 
laboratory for the 
solution of servo- 
mechanism problems 
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Pine delay, cnr as that area from — 


the field of an exciter, is represented by a 
circuit such as Re, C, of Figure 4. The 


» voltage developed at the grid of the third 


tube will lag behind the plate voltage of 
the second tube in exactly the same way 
that an exciter armature voltage will lag 
behind the voltage applied to its field 
terminals. 
scribes this delay i is RC; in seconds. Ad- 
ditional time delays can be introduced as 
shown at the input to the second stage. 
Resistance-capacitance feed-back damp- 
ing voltages from the amplifier output are 


_ fed back to the input by using an isolating 


transformer. This transformer ‘has very 
good frequency response down to 10 
cycles per second, thus reproducing ac- 
curately the voltage which appears at the 
output of the amplifier. These trans- 
formers also may be used as damping 
transformers when simulating voltage 
regulating systems.* Flexibility in the 
general application of the amplifier is 
obtained by making the amplifier stages, 
the time delay circuits, the isolating trans- 
formers, and the RC feed-back circuit 
each a separate entity. : 

Figure 5 shows the laboratory equip- 
ment. To the right are the synchronous 
switches which repeat the transient 10 
times per second. Next to the switches 
is the central control desk from which the 
operator can measure on the oscilloscopes 
any voltage across or any current flowing 
in the various circuit elements. This desk 
also contains generators for producing 
various types of arbitrary forcing func- 
tions. To the left is the servomechanism 
analyzer cabinet, which contains the am- 
plifiers and associated circuits described 
in the accompanying paragraph. Low- 
loss inductances and capacitors for 
representing mechanical systems are con- 
tained in the cabinets arranged behind the 
control desk and servomechanism ana- 
lyzer cabinet. 


TRANSACTIONS 


93 


The time constant which de- vat 


[ 


Figure 6. Response curves of 
error servomechanism, with one 
time delay, to constant velocity 


Typical Solutions 


In Figure 2 oscillograms are shown of 
general solutions for the response of the 
simple error control system to a constant 
velocity for comparison with calculated 
curves. The value of this method of 
analogy can be appreciated when it is 
considered that such a set of oscillograms 


Figure 8. Response curves of error servo- 
mechanism with three time delays, to constant 
velocity 
r=0.5 
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Figure 7. Response 
curves of error servo- 
mechanism, with two 
time delays, to con- 
stant velocity 


r=0.5 


GinTe=h42pT) = 65. dn Te 2142 


can be obtained in a matter of minutes. 


Figures 6, 7, and 8 show the effect of time 
delays on the response of the typical 
angular position servomechanism to a 
suddenly applied constant velocity. Fig- 
ure 6 shows the effect of varying the 
magnitude of a single time delay. The 
magnitudes of the time delays are given 
in the dimensionless form, w,7, so that 
the results have general application. The 
results with w,7; constant and a second 
time delay, w,J2, varied are given in 
Figure 7. Similarly, Figure 8 shows the 


Wry 2.57 
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effect of varying @,T3 with wnTi and 
w,T, constant. In a practical case the 
three time delays could represent arma- 
ture, generator field, and exciter field 
time delays, respectively. The range of 
parameters used represents practical con- 
trol systems. 

Obtaining system stability by negative 
RC feedback is probably the most com- 
mon method in use today. Figure 9 
shows two cases of stability obtained by 
negative RC feedback. The time con- 
stant of the RC circuit, wpt,, as well as 
the system damping and time delays, all 
are given in dimensionless form. The 
large initial overshoot and the consider- 
able reduction in system frequency which 
is always characteristic of negative RC 
feedback is quite apparent in each of the 
two examples shown in Figure 9. The 
RC time constants are large, when com- 
pared with the system time delays, and 
are in the optimum range for best results. 

The response of any servomechanism to 
a sinusoidal forcing function is usually of 
great interest in design. Figure 10 shows 
the response of an angular position servo- 
mechanism to a suddenly. applied sinus- 
oidal motion of varying frequency, @). 


Figure 9. Response curves of error plus nega- 
tive RC feedback servomechanism with two 
time delays to constant velocity 
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The response at frequencies well below 
the system frequency, wo is quite good 
with hardly any error appearing. How- 
ever, as the frequency is increased, the 
response becomes poorer with large fol- 
lowing errors. When w, is very close to 
Wo, such as the case w,/wo= 1.10, the error 
actually becomes larger than the applied 
disturbance 6,. The steady-state response 
to sinusoidal motion also can be obtained 
quite easily when an oscillator is used as 
the excitation function for 4). 


TANK TURRET TRAVERSE SERVO SYSTEM 


The following example serves to further 
illustrate the application of the electrical 
analogies and the conversion formula of 
Table I to the solution of a specific system. 
This problem is that of an electric drive 
that had been designed for the traverse 
movement of a tank turret.? The sche- 
matic of the mechanical system, its equa- 
tion of motion, the analogous electric 
circuit, and the units for both the actual 
system and the electrical analogy are 
given in Figure lla. The gyroscope in 
the actual system serves as the means for 
obtaining system stability. If the gyro- 
scope is rotated proportional to = (6, —6>) 
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Figure10. Response 
curves of error ser- 
vomechanism to 

sinusoidal motion 
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and is also capable of restrained rotation 
about an axis 90 degrees from the @ axis; 
any point of the gyroscope not on either 


Table I. 


vance that tends to compensate for the 
system time delays. The rate component | 
of gyroscope movement is caused by the 
gyroscope torque, exerted about the 90- 
degree axis, that is proportional to the 
speed of rotation about the @ axis. There 
is spring restraint, inertia, and critical 
damping about the 90-degree axis, so that 
instead of a rotation instantaneously pro- 
portional to #6 (as shown in Figure 3b) it 
is delayed and appears as the term 


KT op (61 = 4) 
(1+4hp)? 


of the mechanical system equation shown 
in Figure lla. T, is the ratio of torque 
per unit velocity error, p9, to torque per 
unit displacement error, 0. 

With the constants shown in Figure 
lla, the calculated turret frequency was 
1.4 cycles per second and the damping 
decay 78.1 per cent per cycle.’ The oscil- 
loscope record of Figure 11b with delayed 
anticipation represents the same calcula- 
tion and checks to within 5 per cent or 
better. The remaining oscillographs of 
Figure 11b show the system as it would 
hunt without any means of obtaining 
system stability; what could be done 
with negative RC feedback, with unde- 
layed anticipation, and what could be 
done by a combination of negative RC 
feedback and delayed anticipation. The 
two disadvantages of negative RC feed- 
back compared with anticipating control 
are quite apparent in Figure 11b. The 
initial overshoot is much greater, and the 
system frequency has been considerably 
reduced. The combination of anticipa- 
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Time Base Changed Impedances Multiplied 
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Equation for simple error servomechanism: M-c=K(6i1—60) = — ame Dee 
Ra dt? at 
60’ _ R d6o’ 
Transformation to time base t’=t/n: Mc'’=L/n? = = oo 
dt’? nm dt 
aaa ' aL d%o"’ , aR d@o"’ 
Multiplying impedances by a: Me¢’’= os eae — rr 


axis has a motion proportional to 0+ 0. 
This motion is used to operate a silverstat 
in the generator field circuit. This is 
anticipating control and is a phase ad- 
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tion and some RC feedback gives the best 
response for this particular example. It 
is to be noted, however, that the improve- 
ment over anticipation alone is not too 
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MECHANICAL SYSTEM 


GYRO 
ANTICIPATOR 


PUSH PULL 
SILVERSTAT 


ANALOGOUS ELECTRICAL CIRCUIT 


L=I R=c 
v 


SYNCHRONOUS 
SWITCH 


11a. Analogous circuit and system constants 


Equation for mechanical system: 


Tap ) 
Keno 
cp% 5 ( Gap» 


Ip?60- = 
Rad 3 t+he €U+hp)1+Tep) 


Units 
Actual mechanical system: 


[=7.78X10-2 pound-inch seconds? 
¢=0.33 inch-pound per radian per second 
lh=0.02 second 

T,=0.1 second 

K=4 inch-pounds per radian 
T,=0.15 second 

t:=0.01 second 


Converted electric system with n=200 and 
a=3.1X108 


/ 
Li =" =6.09 henrys 
n 


great and would not warrant the use of 
much extra equipment. 


Conclusions 


From the examples shown it can be seen 
that the transients analyzer offers an ex- 
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GENERATOR 
ARMATURE © 


Aleote,) 
ES 1+T, 2 


R= = 5,130 ohms 


1 
T,!’=—=10-4 seconds 
n 


7 
1,’ et 5 X10-4 seconds 


K"’=aK=12.9X108 
Co’’ =14X 1075 farads 
ee Sale 


eT eo 1074 


Kethe ad 
LS She Ayr Al 


th’ =t/n=5 X10-5 seconds 


=54 ohms 


ot!" 


Cage =1.86X10~$ farads 


Res 


eS =1.35X10-%henrys 


cellent method for solving fundamental 
servomechanism problems. The ease with 
which the response of systems involving 
high order differential equations can be 
obtained points the way toward many 
useful solutions not only of particular 
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116. Response curves to constant velocity 


Figure 11 (left and above). Tank turret traverse servomechanism 


systems but also in dimensionless form for 
general application. The accuracy of the 
method has been demonstrated by close 
checks with previously calculated cases. 
It therefore provides a reliable and prac- 
tical method for the general analysis of 
certain basic types of servomechanisms 
and of specific systems too complex for 
adequate study by conventional mathe- 
matics. : 
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Characteristics of D-C Welders With 


Reference to Electrode Freezing 
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Peynovcie: A method for investigating the 
starting characteristics of an arc in d-c are 
welding was developed and equipment was 
designed and built to simulate the behavior 
_ of an operator in starting such an arc. This 
_ testing equipment was used to compare the 
_ are striking ability and the arc freezing tend- 
~ ency of an electrode when used with various 
types of welding generators. It was found 
that the determining factor is the electrode 
contact duration, that is, the time during 
_ which the operator leaves electrode and work 
- in contact when he attempts to start an arc. 
Generators, to be satisfactory, should permit 
_ at least 40 milliseconds contact duration. 
Where the permissible contact duration be- 
tween work and electrode is less than 40 
milliseconds, only experienced welders are 
able to start an arc. Less trained men 
freeze the electrode to the work piece in a 
large percentage of their attempts. Five 
generators of different design were tested 
with the apparatus. Oscillograms of the 
current surge during the contact period 
were taken and the freezing point marked 
on the curves. It was found that the loca- 
tion of the freezing point depends on the 
shape of the current surge. Characteristics 
of a welding generator as developed in these 
tests which yield good striking and non- 
freezing results are not contradictory to good 
general welding characteristics. 


UCCESS IN STARTING an arc us- 
ing power from a d-c welding genera- 
tor does not depend on the electric cir- 
cuit alone, but also to a great extent on 
the skill of the operator. An experienced 
man has fewer failures than an untrained 
one. If we want to design an apparatus 
with something like ‘‘adjustable operator 
skill” we have to analyze the skill of a 
welder. We find that operators when 
striking an arc may differ in the contact 
pressure they exert, and also in the time 
they leave the electrode in contact with 
the work. 
As far as the contact pressure is con- 
cerned, it is reasonable to assume that 
every operator tries to keep the contact 
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pressure as low as possible in order to 
avoid freezing. ; 

On the other hand, the aptitude of the 
man determines the duration of the con- 
tact between electrode and work piece. 
Therefore, it seems justified to accept 
this contact duration as the predominant 
characteristic of his skill. 

With the foregoing in view, an appa- 
ratus was built which makes contact be- 
tween the electrode and work for an ad- 
justable and measurable duration. Fig- 
ures 1 to 3 show various views of the ap- 
paratus. Figure 4 is a diagrammatic pic- 
ture of it. 

The apparatus consists of three parts 
as shown in Figure 4 numbered 1, 2, and 
3. These three parts may move inde- 
pendently around the common axis A—A. 
Part 1 is a pendulum, on the upper ex- 
tension of which an adjustable bracket 
(5) together with a chuck (6) is provided. 
The test electrode (7) is clamped in this 
chuck (6). The pendulum is kept in a 
raised position as long as the electro- 
magnet (8) is excited to hold the arma- 
ture (9). If the circuit of the coil (10) is 
opened, the magnet (8) releases the arma- 
ture and the pendulum is free to swing. 

Part 2 is the support of the work piece 
(11), which is used for the freezing test 
with the electrode (7). The weight (12) 
on part 2 tends to turn it counterclock- 
wise, but part 2 is held in approximately 
horizontal position by the bracket (13), 
which rests on part 3. 

The position of part 3 may be adjusted 
by the stop (15), against which it is held 
by the weight (14). In this way, the stop 
(15) establishes not only the position of 
part 3, but by means of the bracket (13), 
the position of part 2 as well. 

When the pendulum (1) swings in a 
clockwise direction, the electrode (7) 
eventually reaches the test piece (11) and 
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makes contact. The impact of the elec- 
trode (7), striking against the test piece 
(11), moves part 2 clockwise, lifting the 
bracket (13) from part 2. Electrode and 
test piece stay in contact until, on the re- 
turn swing, the bracket (13) touches part 
3 again. This stops part 2 and electrode 
and test piece become separated. In this 
way, the position of part 3, adjusted by 
the stop (15), determines the length of the 
contact duration. If the electrode (7) 
freezes to the test piece (11), the support 
(2) must follow, even after the bracket 
(13) reaches part 3. In this case, part 3 
is pushed from the stop (15) and the 
weight (14) is lifted. 

It is obvious that one weight (12) con- 
trols the contact pressure of electrode and 
test piece while the force which tends to 
separate electrode and test piece is deter- 
mined by the other weight (14). 

Contact pressure and breakaway force 
were not varied during the experiments. 
They were adjusted to conditions com-. 
parable to actual welding as performed 
by an experienced operator. 

The contact duration is measured by 
the cycle counter (16). If the switch is in 
its ‘‘up’”’ position, an a-c circuit through 
the cycle counter is closed as long as elec- 
trode and test piece are in contact. Swings 
of the pendulum with the switch in its 
upper position are used to adjust the con- 
tact time by setting the stop (15). The 
operator is protected from electric shock 
by the limit switch (18), which keeps the 
alternating voltage from the electrode- 
test piece gap, as long as the pendulum is 
held by the electromagnet (8). 

The actual freezing test is made by 
putting one switch (17) into its down 
position. This removes the alternating 
voltage from the electrode-test piece gap 
and applies it to the holding coil (19) of 
contactor (20), which connects the genera- 
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tor being investigated to the apparatus. 
Another switch (18), in this case, prevents 
energization of the coil as long as the 
pendulum is held by the solenoid. Thus, 
the operator is protected against an acci- 
dental flash. The circuit of the holding 
coil contains a second limit switch (25), 
which is opened by the movement of 
part 3 in case of freezing. This termi- 
nates the flow of welding current through 
the short circuit of electrode and test 
piece. If the electrode does not freeze, 
the lengthening of the arc drawn by the 
electrode breaks the circuit automatically 
and no switch is necessary. 

Tests are initiated with the push but- 
ton (24) which breaks the circuit of the 
coil (10) of the electromagnet (8). 

The coil (10) of the electromagnet (8) is 


Figure 2. Front view of apparatus 
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with cycle counter 


energized by direct current from the weld- 
ing generator. It was found that the 
slight vibrations caused by an a-c magnet 
at that place falsify the test results. 

The contact duration during the freez- 
ing test can be checked by taking an 
oscillogram as shown in Figure 5. 


Procedure of Test 


The operator clamps an electrode in the 
chuck (6) and provides a proper test piece 
(11). He adjusts the electrode roughly 
by moving the sleeve of the bracket (5) on 
the pendulum. The switch (17) is put 
into its “‘up” position. The button (24) 
is pressed and the pendulum released. 
The contact time is observed on the cycle 
counter. Then the stop (15) is adjusted 
to bring the contact time nearer to the 
desired value and the test repeated. 
After several trials, the apparatus is 
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Figure 1. Apparatus ready for test. To increase accuracy 


three timing swings are made without re- 
setting the counter to zero. The reading 
thus becomes the sum of three contact 
times and one third of this value is con- 
sidered to be the average contact time 
for the actual striking test. After the 
apparatus is adjusted to the desired con- 
tact time, switch (17) is put into its 
“down” position for the application of 
welding power. The next swing pro- 
duces either a flash or the electrode 
freezes to the test piece. 

A series of tests for different contact 
durations is run with a fairly large num- 
ber of tests for each setting. For each 
setting, a number of freezings and a num- 
ber of flashes are obtained. The fre- 
quency of freezings is calculated and 
plotted as a function of the contact dura- 
tion. A curve thus is obtained which 
moves from a low percentage of freezings, 
at short durations, to a high percentage at 
long durations. The change from the low 
percentage to the high percentage is sud- 
den. The contact duration yielding an 
equal number of freezings and flashes is 
called arbitrarily the ‘‘freezing time’’ of 
the generator. 


Influence of Circuit Setting, 
Electrode Size, and Electrode 
Coating 


It can be shown theoretically that the 
curve of the surge does not change much | 
with different current settings. There- 
fore, the freezing time also does not 
change. The electrode size has no in- 
fluence because the contact in the testing 
apparatus is a point contact only, and it 


Figure 3. Rear view of apparatus 


ned sictaadia Rigas Aa a Spent 


ELECTRICAL ENGINEERING 


7, = 


@) NORMALLY 
4 OPEN 


NORMALLY 
) CLOSED 


Figure 4. Diagrammatic picture of apparatus 
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Figure 5. Oscillogram of current 


does not matter whether the contact- 
making point is on a 1/16-inch diameter 
or on a 1/8-inch diameter electrode. 

The coating has no influence provided 
the coating is kept away from the point of 
contact. 

Consequently, it was decided to make 
all tests with bare electrodes of 3/32-inch 
diameter with generator settings of about 
70 amperes welding current. 

A few tests were made with other set- 
tings and with electrodes of other sizes 
and with different coatings. They con- 
firmed these conclusions. 

In order to eliminate the influence of 
scale, electrodes were ground square and 
test pieces cleaned thoroughly. 


Generator Tests 
Four commercial and one experimental 


generator with different circuits, but all of 
the same rating, weretested. All genera- 
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values of contact time 


Freezing of electrodes 


tors were set for the same welding out- 


put. The test results are shown in 
Table I. 
Table | 
Critical Contact 
Time in 
Generator Tested Milliseconds 

Pines eT A By vais ce vie af aiaape eae oe Pee 70 
Brive: desc 42. bed oo aeons 40 
C (Generator B without external 

VOCE CSG. pate tania te Soe a eine 25 
Das) Spee Say. ve ESN SUES > clay Sere aes 50 
ee (UBrpesimental). 26% 6 os ai6: b.5/s,00.6 estiages 1,000 


In order to correlate these tests with the 
properties of the different electric cir- 
cuits, open circuit short circuit transients 
of the five generators were determined by 
taking oscillograms. The freezing times 
are marked on the current curves shown 
in Figure 6. These curves show that 
freezing occurs some time after the high- 
est point of the surge. The explanation 
may be that, during the decline of the 
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surge, not enough heat is furnished to 
keep in a molten state the metal which 
melted at the height of the surge. The 
conclusion would be that the generator 
should reach its maximum current as late 
as possible. This is corroborated by the 
curve of generator E which approaches 
the maximum short circuit extremely 
slowly. Tests show that this generator 
practically never freezes. 


\ 


Operator Requirements 

The requirements of the operator were 
determined by watching the reaction of 
different men to the generators which 
had been tested. 

It was found that the average operator 
is satisfied with a generator which does 
not freeze during the first 40 milliseconds. 


6/2-6 


bts KL SEE 


MILLISECONDS 


Generators with contact times as long as 
70 milliseconds are very good, Every- 
thing beyond that is excellent. 


Simplified Tests 


An apparatus of the kind described 
here usually is not available and it would 
be advantageous to be able to use stand- 
ard equipment to judge a generator for its 
starting properties. Fortunately, an 
oscillogram of an open circuit short circuit 
test yields sufficient information. The 
curves of Figure 6 show that the critical 
time is approximately twice the time the 
generator needs to reach the crest of the 
surge. If we accept this without trying 
to find any reason for it, we may say that 
a generator should take at least 20 milli- 
seconds to reach the crest of the surge. If 
it takes less, the generator is difficult to 
handle. On the other hand, a longer time 
indicates a generator with improved 
starting properties. 
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HE ADVENT of electric strain 
gauges! suitable for the measurement 
of mechanical performance on a strength 
basis not only has widened the field of the 
electrical engineer with regard to equip- 
“ment and techniques but gradually has 
imposed upon him a responsibility to the 
aeronautical or mechanical engineer in 
his role as interpreter. For if the de- 
signer turns to electric strain gauges (and 
by this is meant herein the bonded wire 
gauge,” unless otherwise stated) for veri- 
fication of his work, it is only natural for 
* him eventually to leave the whole prob- 
lem of gauge operation and data analysis 
to the electrical engineer. It is essential 
that both the man who measures and the 
man to whom the measurements are re- 
ported clearly understand the scope of 
their separate responsibilities. Otherwise 
there may exist a gap which will destroy 
the accuracy necessary to the honest 
affirmation or negation of the design. 
Accordingly, the authors here endeavor 
to present the strength evaluation prob- 
lem broadly enough for one working in a 
relatively narrow element of it to appre- 
ciate the requirements of the whole, while 
emphasizing the electrical aspects pri- 
marily and keeping always in sharp focus 
the prime requisite, accuracy. 


The Mechanical Problem 


DESIGN 


As Sir Charles Darwin explained in his 
illuminating James Forrest lecture® en- 
titled ‘‘The Extreme Properties of Mat- 
ter’ there is more opportunity for im- 
provement in the strength of materials 
than in the refinement of almost any other 
property of materials. The theoretical 
ultimate shear strength of steel as given 
by Darwin is the shear modulus of elas- 
ticity divided by 2 7. Depending on the 
grade of steel, this represents a possible 
improvement of 10 to 50 times, which 
values well might be assumed to be applic- 
able to steel strength in general. These 
eare figures to conjure with, but their ulti- 
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mate realization probably will stand for 
years as the goal of physicists and metal- 
lurgists. A more realizable goal is the 
safe reduction of safety factors—or igno- 
rance factors—relating the actual strength 
to the necessary strength. These are 
smaller in magnitude than the figures 
just quoted, lying perhaps in the range 
of 2 to 20, but represent possible weight 
and dimension savings in every industry 
large enough to guarantee a broad and 
lasting activity in strength analysis and 
strength measurement. 

This, then, is the beginning of the prob- 
lem. The optimum design stems from an 
accurate knowledge of the loads to be im- 
posed. The quiescent and dynamic loads, 
their interrelation, the expected life and 
the relative importance of an occasional 
failure, make this problem complex. And 
it is complicated many-fold by that im- 
ponderable, the proper theory of failure.‘ 
Suffice it to say that there exist at least 
five theories of failure, but most test data 
have been reported and analyzed in terms 
of stress, rather than strain, energy, or 
other parameters. As most loading in 
combined stress studies appears to have 
been performed in terms of stress, it is 
reasonable to evaluate strength in terms 
of stress. The available literature tends 
to indicate that there is not enough evi- 
dence to substantiate any one general 
theory of failure, although certain theories 
appear to be more applicable than others 
depending upon the particular materials 
and loading encountered. The designer’s 
problems, then, are the first source of 
error, and it is the designer’s responsibility 
to the measurer to acquaint the latter 
with enough of the theory so that the 
proper measurements can be made. This 
may be as simple as a statement to the 
effect that the results are to be reported 
in terms of stress, or of strain. The nature 
of the available types of measurement is 
such that it often is not possible to correct 
data from one type to another after the 
gauge installation has been made. 


STRESS-STRAIN RELATIONS FOR PLANE 


STRESS 


The relations existing between the 
three mutually orthogonal stresses o;, 
o, and o,in the x, y, and z directions re- 
spectively and the three corresponding 
strains €,, €y, and e, may be found in many 
texts.© For any work involving surface 
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(this does not occur in the foreg 
equation but represents a normal } 

stress acting perpendicularly to ee) 

% =maximum principal stress — 
q= minimum principal stress _ ~ 
BPRS» stress on x plane (in y direc-. 
tion) j 


Correspondingly, the strain equations for . 
plane stress may be used to derive a simi- 
lar equation: . 


_&te\’ , [rv \?_( &—&\* 
(=) 2) -(5%) 


where 


NR 


ES —— 


€,=normal strain on x plane (in x direction) — 

€y =normal strain on y plane (in y direction) 
This bears the same relation to €; as — 
oy does to oz. See equation 1 

€p =maximum principal strain 

€,= minimum principal strain . 

Yry =Shearing strain on x plane (in y direc- 
tion) 


It will be appreciated that equation 1 
and equation 2 both define circles, and it 
will be observed that each circle equation 
is of the form 


(x—h)}P+y=r? (3) 


where / represents the circle center and r 
the circle radius. Constructing these two 
circles, known as the Mohr circles of 
stress and of strain respectively, will show 
why individual stress measurements can-_ 
not be converted directly to strain meas- 
urements, unless enough data (three 
stress or three strain vector measurements 
at a point) are taken to draw the circles 
of stress and of strain. This is under- 
stood better when it is appreciated that 
any given measurement represents the 
projection on an axis of some point on the 
circle circumference. Normal stresses 
and strains are projected as points on the 
N axis while shear stresses and strains 
appear as points on the S axis. These 
two circles may be drawn concentrically,§ 
as shown in Figure 1, provided that the 
scales are chosen so that the ratio of stress 
units to strain units is as Ey/(1 — yp) 
where Hy is the modulus of elasticity in 
tension or compression, and wis Poisson’s 
ratio. When the circles are drawn in this 
manner it will be found that the stress 
circle radius is smaller than the strain 
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Figure 1. The Mohr circles of stress and strain 


_ for a simple axial stress of +30,000 pounds 
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per square inch 


Young's modulus is taken to be 30108 
pounds per square inch and Poisson’s ratio 
to be 0.3 


circle radius in the ratio of (1 — y)/ 
(1 + w) and the angular position of the 
point (c, 7) on the Mohr diagram is twice 
that of the physical direction of measure- 
ment, so that if a measurement be made 
in the direction @ (with respect to the di- 
rection of principal stress) the correspond- 
ing direction on the circle diagram makes 
an angle of 20 with the N axis. This is 
reasonable because a complete revolution 
around the Mohr circle must represent a 
180-degree rotation of the measuring de- 
vice. The concept of the two Mohr 
circles is not appreciated by many workers 
in the field, and it is perhaps for this 
reason that difficulty with the stress— 
strain relation is prevalent. It is because 
of the Poisson or lateral contraction ex- 
hibited by a stressed member that the 
ratio of stress to strain is not constant 
even while operating in the elastic state. 
For example, the ratio of stress to strain 
in the direction of the load (¢,/e,) for a 
simple tension test is by definition equal 
to the modulus of elasticity, Z,, but the 
ratio of stress to strain in a direction per- 
pendicular to the load is zero. The load 
has no component in this direction 
(o, = 0) but the lateral strain (e, = 
—pe,) is finite and opposite in sign. 
Further examination of Figure 1 will 
show that the simple tension case is rep- 
resented with o, (+30,000 pounds per 
square inch) positive and o, zero. It can 
be seen that €«, = —we, and particularly 
that the ratio og/e is not constant as the 
radius is rotated, and were the center of 
the circles displaced somewhat (o, ~ 0) 
even the ratio o,/€, = Ey would not hold. 

Thus far, only normal stresses and 
strains have been discussed. Shear 
stresses and strains cannot be detected as 
a change in length, but can be calculated 
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from two stress or strain measurements, 
the difference between two mutually 


orthogonal normal stresses or strains 


being proportional to the shear stress 


_ measured on the plane whose direction bi- 


sects that of the two orthogonal measure- 
ments. In fact, this leads to the solution 
of the Mohr circle diagrams from three 
normal strains separated in direction by 
increments of 45 degrees: 


As the first and third strains are orthogonal 
they must lie on extremities of some diame- 
ter of the circle, and consequently their 
arithmetic mean must coincide with the 
circle center. Now, the difference of the 
first and third (orthogonal) normal strains 
is equal to the shearing strain associated 
with the second normal strain, since the 
direction of the latter bisects that of the 
first and third strains. As dictated by the 
second term of equation 2, half of this value 
is plotted as an ordinate at the abscissa 
corresponding to the second strain, thus 
locating the point (€,¥2/2) on the circum- 
ference, and the radius drawn from the cen- 
ter to this point just found must be perpen- 
dicular to the diameter determining the 
points corresponding to the first and third 
measurements as the 45-degree increments 
on the specimen must exist as right angles 
on the strain circle diagram. The solution 
is completed by constructing the stress 
circle with its smaller radius, (1—)/(1+2) 
as large as the strain circle radius, where- 
upon the various points (c;, 7;) can be ob- 
tained, although the most pertinent infor- 
mation usually consists of the extremes of 
the circle dimensions and the angle 26 
(measured counterclockwise from the direc- 
tion of the first strain to the N or normal 
axis). The method is checked by projecting 
the three solution points located on the 
strain (or stress) circle circumference to the 
N axis; if the construction has been made 
correctly the projections will coincide with 
the three measured strains (or stresses). 
The word ‘‘stresses” is used advisedly be- 
cause, with the proper gauges, stresses can 
be measured directly. 


ELECTRICAL MEASUREMENTS: THE 


BONDED WIRE GAUGE 


Strength measurements can be obtained 
from numerous types of gauges? but the 
principles controlling the use of the 
bonded wire resistance gauge will apply 
generally to other methods, except that 
the resistance-type units are character- 
ized by lower mechanical inertia and 
lower voltage output than most. The 
bonded wire gauge, commonly referred 
to as the wire strain gauge, has for 
its principle of operation the variation in 
resistance of a fine metallic filament 
bonded to the surface whose deformations 
are to be measured: In order to make its 
installation practical the filament first is 
cemented to a paper ‘‘carrier’” which, in 
turn, is cemented to the specimen. This 
carrier is in no way necessary to the opera- 
tion of the gauge. In fact its elimination 
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STRAIN CIRCLE 


Figure 2. The Mohr circles of stress and of 
strain on which is shown graphically the man- 
ner whereby the Vee type of gauge can be 
made to yield a result proportional to the stress 

in the direction of its axis is 


would be desirable so that the filament 
might be closer to the specimen, while 
also allaying the danger of improper 
transfer of the “‘mechanical signal’’ to 
the active element of fine wire. Actually, 
the wire first is wound in the form of a 
grid to which wire leads are joined, after 
which the grid and leads are placed 
against the paper carrier for cementing. 
After the gauge (filament plus cement 
plus carrier) is cemented to the specimen 
the assembly acts as if it were part of the 
specimen in that it accepts uniformly the 
dimensional changes, both positive and 
negative, of the deformed surface, while 
offering negligible restraint in so doing be- 
cause of its small mass and low effective 
moduli of elasticity. This action is pos- 
sible because the dimensions of the wire 
filament are defined by the matrix of ce- 
ment in which it is embedded, and it is 
essential that in the design of such a 
gauge the wire diameter be small enough 
so that this effect is achieved. Otherwise 
compressive strains might result in buck- 
ling of the wire with resultant destruction 
of the bond. This situation is somewhat 
comparable to the reinforcing rods in a 
concrete beam, wherein the concrete 
transmits the tension to the rods, and pre- 
vents the rods from buckling in compres- 
sion (assuming that compressive loads 
might be placed on such a part of the 
beam). This transmission of the me- 
chanical signal to the wire results in a 
permissible amplitude, with linear re~ 
sistance-versus-strain response, in excess 
of the proportional limit of the filament 
material. This amplitude is represented 
by the manufacturer to approximate one 
per cent with negligible change in un- 
strained resistance, and to attain values 
of two to three per cent for linear opera- 
tion without complete zero return. The 
gauge change of resistance is linear and 
consistent, but not explainable in terms 
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of the known properties of the filament 
material in larger sizes. Were the volume 
resistivity of the wire to be constant with 
- respect to elastic strains it would be 


reasonable to expect the unit relative 


change in resistance (dR/R) for unit rela- 
tive change in length (unit strain, €) to be 
(1 + 2u), where » = Poisson’s ratio. 
This ratio dR/Re is defined as S, the 
gauge sensitivity, and because Poisson’s 
tatio has a theoretical maximum of 0.5, 
the sensitivity should not exceed 2.0. 
Actually, certain gauges (made of ‘‘Ad- 
vance”’ alloy) have such a sensitivity but 
many gauges are made with sensitivities 
lying in the range of —5 to +3.5, a fact 
which either contradicts the 0.5 maximum 
for Poisson’s ratio or sheds some interest- 
ing light on the volume resistivity of fine 
wire materials as a function of stress. 
To date this anomaly is unsolved but 
may yield to electron microscopy (for use 
in determining Poisson’s ratio for the 
strained filament). As a matter of in- 
‘terest the operating current density in 
the usual gauge wire is of the order of 
25,000-50,000 amperes per square inch. 
Bonded wire gauges are manufactured 
to meet a demand which requires both 
thermal stability and sensitivity. Cur- 
rently these are conflicting requirements 
because the most sensitive materials (of 
which the invar, ‘‘Iso-elastic,” an alloy 
originally developed for constant modulus 
of elasticity versus temperature, is repre- 
sentative) are very sensitive to tempera- 
ture changes. Thermal stability implies 
that the sum of the effect of differential 
coefficient of expansion between the fila- 
ment and the strained surface and the 
effect of filament temperature coefficient 
of resistance approaches zero, obviously 
a function dependent upon the char- 
acteristics of the material upon which the 
gauge is mounted. It is not surprising, 
therefore, that Advance wire gauges are 
thermally quite stable on steel, not as 
stable on aluminum, and not at all stable 
when suspended in air and subject to the 
erratic behavior of the unmounted paper 
carrier, the latter condition representing 
an academic case. Currently available 
are the thermally stable Advance gauges 
with a sensitivity of approximately 2.0 
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and suitable for all types of deformation 
measurement, and the Iso-elastic gauges 
with a sensitivity of 3.5 but suitable only 
for dynamic work. The latter type are 
inherently of a higher resistance, permit- 


ting generally a higher voltage drop, 


which condition may be interpreted as a 
further increase in sensitivity when the 
load is effectively an open circuit, such 
as a vacuum tube. 

Gauges are available in a wide variety 
of dimensions and resistances ranging 
from units 1/16 inch square with 60 ohms 
resistance to others six inches long (300 
ohms) and again some approximately 1/2 
inch square with a resistance of 2,000 
ohms. Still others, termed rosettes, are 
atranged in groups of two, three, or four 
units mounted close together, but oriented 
in different directions, for the measure- 
ment of the complete state of stress by 
means of the Mohr circle diagram. 


Tue STRESS GAUGE 


In a biaxial stress field the measure- 
ment of stress can be simplified greatly 
by the use of a gauge which responds both 
to strains parallel and strains perpendic- 
ular to the gauge axis®. Provided that 
the gauge specific transverse sensitivity 
(the ratio of the lateral to the axial re- 
sponse of the gauge) is equal to Poisson’s 
ratio, the gauge output is continuously 
proportional to the stress in the direction 
of the gauge axis. This is in accordance 
with equation 4: 


(4) 


The proof of the stress response char- 
acteristic of the gauge is shown con- 
veniently for a particular geometric pat- 
tern actually used in commercial gauges. 
This pattern has the wire arranged ina V, 
the angle between the wires being selected 
so that the average of the strains from 
each arm of the V yields an output propor- 
tional to the stress. 

The measurement of stress in the di- 
rection 6 with respect to the direction of 
the principal axis, requires that the pro- 
jection of the point (¢, 7) in Figure 2 be 
determined. A tangent to the stress 
circle drawn at the point (c, 7), will inter- 
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1/ ene €—-24) = (cos? o) (eet ey tan iat aiee re 


where €, is oriented in the 6 « 
The included angle of the gauge 
chosen so that tan? ¢ equals Pois 
ratio for the tested material. Then 


with a Poisson’s ratio of 0.28, require 


an angle of about 55 degrees, the exact 
angle being determined by methods of 


manufacture. This type of stress gauge 
is used extensively in the testing of hollor 
steel aircraft propeller blades. 
For the stress gauge, the expression 
which relates the relative change in gauge 
resistance to the stress producing it is 


dRg/Re= Fe’ (6) 


a y 


where Rg is the gauge resistance and €’ is" 
the ratio of stress along the gauge axis to” 
Young’s modulus for the material upon > 
which the gauge is mounted. The stress _ 


gauge factor F has the following relation- 
ship with S, the strain gauge factor: 


F=(1—p)S (7) 


It can be shown from equation 5 that the 
ratio of the output of a stress gauge to the 
output of a strain gauge of equivalent 
wire length and resistance and under uni- 
axial stress is (1 — yp). 

The use of stress gauges can reduce ma- 
terially the effort required to determine 
stresses. The direct indication of stress 
is of particular importance when complex 
vibratory stresses are measured; under 
such conditions two strain records sepa- 
ratelyrecorded would have tobeconverted 
to stress through a point-by-point con- 
version if the instantaneous stresses could 
not be indicated directly. 


ERRORS OF LOCATION AND INSTALLATION 


Before proceeding to a discussion of the 
electric circuits of resistance wire gauges 
it is appropriate to discuss the theoretical 
and mechanical considerations which may 
contribute to inaccuracy in the final con- 
clusions. These may be called the errors 
of location and installation. That is, the 
output of the gauges must be indicative 
of the most critical stress in the part, the 
stress at the points where failure will occur 
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if a is to occur. Presumably this will be 


on the surface at the geometrical center 
of one of the ‘gauges, though many fail- 
ures do not start at the surface. Ona test 


specimen such as a hollow steel propeller 
blade an error of a fraction of an inch in 


location can produce a change in output 
of 100 per cent or more, and since any one 
- gauge will cover less than one-tenth per 
cent of the total area, the location of a 
_ few dozen gauges or less over the whole | 
" propeller must be chosen with great care. 
- Moreover, if only one gauge is to be lo- 
cated at any one point, the gauge axis 
- orientation is also important, as can be 
_ judged by Mohr circle theory. Fortu- 
_ nately, some knowledge of critical areas 

and stress direction is often available 
_ from photoeleastic®* and brittle lacquer? 


(‘“Stresscoat’’) studies, discussions of 
which are beyond the scope of this ar- 
ticle. The former method is not con- 
venient for vibratory work and both tend 
to be laboratory procedures so that it is 


_ hot always possible to simulate field load- 


ings. Having chosen the proper location 


- it will not always be possible to place 


gauges where desired due either to in- 
accessibility or to the physical size of the 


_ gauge, which may be so large as to cause 
- anerror by integrating the stress or strain 


over the gauge length when the stress 
gradient is such as to be masked by the 
use of too large a gauge length. The 
availability of shorter gauges has im- 
proved this latter situation but sometimes 
the minimum size of gauge is dictated by 
electric circuit background noise, the 
higher resistance gauges being required to 
produce sufficient signal to result in an 
acceptable signal-to-noise ratio. This 
difficulty is probably peculiar to tests on 
rotating objects such as aircraft propel- 
lers, which exhibit accessibility problems 
also, since flight measurements commonly 
are made inside the hollow blades, even 
near the tip, and some work has been done 
within the hub itself. (Flight stress meas- 
urements are made on nearly every pro- 
peller-engine—aircraft combination before 
final acceptance of the design by the 
customer.) One of the most common 
sources of gauge error lies in the neutral- 
axis correction, which is applicable to any 
survey involving bending stresses. The 
classical bending-beam theory shows that 
the stress is proportional to the distance 
from the beam neutral axis (plane of zero 
stress); in consequence, bending-stress 
measurements made at any distance from 
the neutral axis but that of the surface 
will be incorrect in direct proportion to 
this distance. Since the gauge acts as a 
part of the tested material, accurate 
bending-stress measurements must cor- 
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rect for the effective gauge elevation 
above the surface. The diameter of the 
wire filament is about 0.001 inch and its 


centerline is perhaps 0.003 inch above the 
tested surface due primarily to the thick- 


ness of the paper carrier. That thisis not — 


negligible may be appreciated from a con- 
sideration of measurements on a 0.060- 
inch plate in bending, where the 0.003- 
inch elevation will cause an exaggeration 
of ten per cent if the neutral axis is in the 
central plane of the plate (pure bending). 
When bending is combined with tension 
or compression neutral axis error some- 
times can be avoided by mounting identi- 
cal gauges on opposite faces of the plate; 
their sum eliminates the bending com- 
ponent to yield the tension or compression 
while their difference eliminates the ten- 
sion or compression and thermal com- 
ponents, though the resultant bending 
measurement still is subject to neutral 
axis error. Returning to the problem of 
installation, or mounting, it hardly should 
be necessary to state that the proper 


bonding of the gauge to the tested surface 


is of extreme importance to a successful 
technique. Conservative instructions are 
supplied by the manufacturer, and occa- 
sionally the time allowed for curing or 
drying of the adhesive may be shortened, 
but in all cases care should be taken to 
insure proper preparation of the tested 
surface (preferably roughening with fine 
sandpaper plus cleaning with acetone) 
and adequate application of the adhesive. 
In the interest of quick drying there is a 
tendency to apply the adhesive sparingly, 
which may result in an incomplete bond. 
Poor surface preparation sometimes is 
evidenced by the flaking off of a gauge 
after the test has been completed and the 
tested parts are no longer available for re- 
test. Where practical the installed gauges 
may be checked by a calibration with a 
known load, or another type of gauge, 
such as the Tuckerman optical strain 
gauge, may be placed over the installed 
gauge and the specimen loaded to produce 
a given strain. The Tuckerman gauge is 
relatively small and light, and often may 
be applied with no more force than its 
own weight, but it is distinctly a labora- 
tory instrument (more often used as a 
standard). 

Other sources of error contributing un- 
certainty and which pertain more di- 
rectly to the tested material itself include 
‘ocked-in” or residual stresses, the devia- 
tion of the remainder of the ‘‘universe’’ 
from the sample tested, the elastic 
modulus (if stresses are to be computed), 
and ‘‘creep.’9 Unless the material is in 
a ‘‘dead-soft” or perfectly annealed condi- 
tion there usually will be certain unre- 
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lieved or locked-in stresses remaining. 


Residual stresses will not affect greatly © 


the readings obtained but will determine 
somewhat the interpretation read from 
the data by the designer, as they con- 
tribute to or inhibit failure. The actual 
measurement of locked-in stresses by 
bonded wire gauges is not possible unless 
the gauge can be installed prior to the 
manufacturing operation producing such — 
stresses, or as now is being done to an 
increasing extent,!! the gauge is installed 
while the residual stress is present, after 
which most of the restraining material 
is removed carefully and the local stress 
under the gauge relieved. The indicated 
stress pattern is then a ‘“‘negative”’ of the 
locked-in pattern. 


Young’s modulus, Ey, occurs in the 
equation relating stress and strain. For 
the two-dimensional (biaxial) case this 
is in accordance with equation 4. But the 
stress-strain relationship for many engi- 
neering materials is distinctly nonlinear 
(aside from the fact that Ey at zero load 
is subject to a degree of uncertainty) so 
that an indicated vibration stress of 
+10,000 pounds per square inch, when 
no steady load existed, might differ from 
the indicated value when a steady load of 
50,000 pounds per square inch was ap- 
plied simultaneously. Such considera- 
tions might be affected differently for 
steady locked-in or surface stress than 
for uniformly-distributed steady stress. 
Modulus correction of this nature is not 
known to the authors but would have to 
be considered in evaluating closely the 
probable error. Creep is the phenome- 
non of gradual continued deformation at 
constant load and is ordinarily negligible 
in steel at low temperatures (below 200 
degrees Fahrenheit) but may be appre- 
ciable in some other materials such as 
lead, plastics, and gauge bonding agents 
when large deformations are involved. 
It may prevent a return to a zero-stress 
reading, even when the gauge itself is 
operating properly. It may be obscured 
by or confused with drift due to poor 
temperature compensation or the chang- 


Figure 4. Equiarm strain gauge bridge circuit 


Parenthetical term of Rg indicates direction 

and magnitude of resistance change in each 

gauge as a function of gauge factor and ap- 
plied strain 
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ing leakage characteristics of the elec-— 


trical insulation, as will be discussed later. 


The Electrical Problem 


GAUGE CIRCUITS 


Two general circuits which may be used 
for the conversion of strain to electrical 
signal are shown in Figures 3A and 4. 
The simpler circuit of Figure 3A often 
may be used when a knowledge of only 
transient or vibratory stress or strain is 
desired, while the bridge circuit of Figure 
4 is employed when the steady component 
with or without the vibratory component 
is to be determined or when protection 
from excitation circuit disturbances (as 
in slip-ring installations) is required. 

When vibratory shear, or the difference 
in strain between two gauges at right 
angles, must be measured, the ‘‘match- 
ing’’ resistor, Zp, in Figure 3A becomes 
one gauge while the active gauge, Rg, be- 
comes the second of the two required 
orthogonal strain-sensitive elements. The 
bridge circuit can be arranged suitably to 
enable the measurement of total shear, 
since differential measurements are ap- 
plicable for shear, torsion, and many 
bending problems. 

Network theorems!?18 are used con- 
veniently to calculate the voltage which 
appears when the active circuit elements 
are strained. Thus the Thévenin equiva- 
lent of Figure 3A, shown in Figure 3B, 
yields current in the gauge of 


— EZ1/(Zo+Z:) 


~ RetZoZ1/(Zo+Z1) 
EZrz 


PF ERS ey 


(8) 


The change in load voltage dEx due to a 
change dRe associated with the strain € is 


dE, =er=d(IRg) =IdRg+Rgdl (9) 


Evaluating dl (by means of the com- 
pensation theorem) and collecting terms, 


R@Zo0Z1/(Zo+Z1) 


e =1( ) (10) 
ay Rot Zo21/(Zoten) 


The sensitivity S of a strain gauge has 
been defined previously as dR/R = 
Using this relation together with the fact 
that the coefficient of J(dRg/Rg) is the 
parallel combination of Rg and Z,, equa- 
tion 10 is simply 


er=ZISeE (11a) 


where Z = RgZ,/(Rg + Z;) evaluated at 
the strain frequency and J is evaluated 
from equation 8 at excitation frequency. 
For practical applications the impedances 
are entirely resistive, with the load im- 
pedance Z, (usually amplifier input im- 
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pedence) much greater than the: gauge 
resistance, Re. The greatest output volt- 
age for a given value of E occurs when the 
product of ZI (or more commonly RI) is a 
maximum, that is, when Zo equals Rg. 
When it is possible to measure two or four 
strains which are exactly equal but occur 
in conjugate pairs as shown in Figure 4, 
the bridge circuit increases the no-load 
voltage output above that of Figure 34 
by two and four times respectively. 

The voltage output equation for four 
active equal bridge arms is developed in a 
manner similar to that of equation lla 
and is 


en =ZISe€ (11b) 


where Z, just as in equation lla, is the 
impedance (at the strain frequency) 
measured across the terminals of the load 
impedance Z,, when other voltage sources 
in the circuit are not generating but are 
replaced with their equivalent internal 
impedances. Expressed explicitly this 
impedance, Z, is RgZ,/(Re + Zz). 
Note that when the load impedance Z, 
is large with respect to the gauge resist- 
ance, the output voltage e, is given by 
the expression HeS, and further, that J 
is the current of excitation frequency 
supplied the gauges, or E/(Rg + Zo). 

The quantity Se may be regarded as an 
average value determined by the number 
and characteristics of the gauges acting. 
Tf the output from a gauge (due either to 
its location in the bridge circuit or be- 
cause of the sign of strain) tends to cancel 
the effects from another, the algebraic 
signs of the two quantities Se, associated 
with the respective gauges, may be re- 
garded as opposite. Thus a bridge with 
only two active gauges (but these con- 
nected in one side of the bridge and sub- 
ject to equal and opposite strains) will ex- 
hibit an output voltage of e, = (1/2) 
ZISe, since two of the four gauges have 
zero as their effective value of Se. 

Output voltage equations 1la and 11b 
may be examined to ascertain the errors 
which may result from variation in the 
controllable parameters. It is imme- 
diately evident that errors in E, the ex- 
citation voltage, and errors in gauge sensi- 
tivity, S, contribute in direct proportion 
to the error in gauge output voltage. Ex- 
citation voltage may be monitored or 
controlled by the operator; the gauge 
sensitivity factor is supplied with com- 
mercial gauges and usually is guaranteed 
to plus or minus one per cent. 

Since the nominal value of gauge re- 
sistance may be subject to as much as a 
two or three per cent manufacturing 
tolerance, particularly in those gauges 
supplied for dynamic work, it is necessary 


Kern, Williams—Stress Measurement 


£ ry Pe ae he 
\ on nt 


amplitude-frequency response) 


gauge resi ss 
pedances are essen 

resistive in the op 
spectrum (a condition nec 


Z, is large with respect to Zo, the relative 


change in output voltageis 


det/er=d(ZIS€) /Z1Se=d(ZD/Z1 
= — (dRe/Re)(Re—Z1)/ (Ret Zn) 


-is the relative change in the nominal re- 

sistance and not Se, which here is con- 
The condition Rg 
equal to Z, suffices for zero error in cal- 
culated output voltage as a function of 
tolerance in gauge nominal resistance; 
moreover since Z, is large in comparison 


sidered constant. 


to Zo, it is possible to have the zero error 
condition coincide with the maximum out- 
put condition by setting Zp equal to Rg. 
As stated previously, measurements of 
steady strain require that gauge resist- 
ance be a function of strain only and be 
unaffected by temperature or variation in 
electrical leakage. 


Temperature effects — 


are eliminated most nearly by using a — 


compensating gauge mounted on ma- 
terial equivalent to the test specimen and 
subject to the same ambient temperature 
variations. 
may be active or passive but is con- 
nected in the bridge arm adjacent to the 
compensated unit. 


The compensating gauge 


Using an unstrained specimen equipped 


with two nitrocellulose bonded gauges 
wound with Advance wire, temperature 
compensation to within two microinches 
per inch over a range from 70 to 170 de- 


grees Fahrenheit has been attained in the © 


laboratory. However, general practice 
indicates that two microinches per inch 
per degree Fahrenheit is a more practical 
estimate of realizable temperature com- 
pensation. 

The measurement of vibratory stresses 
up to a temperature of about 180-200 
degrees Fahrenheit is possible with nitro- 
cellulose bonded gauges. A specific case 
for +400 microinches per inch of strain 
showed at 230 degrees Fahrenheit a drop of 
30 per cent from the value of apparent 
gauge factor at 200 degrees Fahrenheit, 
the difference due to softening of the ce- 
ment. For elevated temperature opera- 
tion up to 300 degrees Fahrenheit, resin- 
bonded gauges are used. 

In order to prevent ‘“‘zero”’ instability 
due to absorption of moisture by the 
gauge or associated leads, it is necessary 
to weatherproof the installation by first 
driving off all moisture and then coating 
or impregnating with a nonhygroscopic 
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ohms and a sensitivity of 2.0, will change 
in resistance by only 0.008 ohm when 
subjected to a stress of 1,000 pounds per 
square inch in steel (33 microinches per 
inch). This change also may be pro- 
duced by a shunt resistance across the 
gauge of 1.8 megohms (very nearly 
R,/Se) thus making evident the neces- 
sity for thorough moistureproofing. A 
value of 1,000 megohms is recommended 
by the gauge manufacturer. When many 
gauges are in a circuit possessing one or 
more common leads, it is often convenient 
to make provision for measuring the leak- 
age to ground. Such an indication can- 
not be interpreted explicitly but serves as 
a warning of changing insulation condi- 
tions. 

The nitrocellulose, and to a lesser ex- 
tent the resin base, bonding agents both 
are subject to creep under prolonged 
strain and also exhibit slight apparent 
hysteresis over a stress-strain cycle. 
Proper application and curing helps re- 
duce creep to a minimum and several pre- 
liminary loading cycles usually suffice to 
make hysteresis effects negligible. The 
possibility of errors from this source 
should not be overlooked if readings hav- 
ing a tolerance of five to ten microinches 
per inch must be obtained. Moreover it 
is only reasonable to assume that creep 
difficulties will increase with stress level 
and temperature. 


SPECIAL CIRCUITS 


When the information as to the state of 
stress on a rotating member is to be ob- 
tained with the aid of sliding contacts, it 
usually will be necessary to minimize con- 
tact resistance effects by arranging a 
balanced bridge on the rotating element 
as in Figure 5A. Results free from slip- 
ring interference, especially at high sur- 
face speeds, are impossible of achievement 
if the slip rings are connected directly to 


_ make up part of the gauge resistance. In- 


spection of the current term in equation 
11b shows why the bridge circuit of Figure 
5A is relatively free from effects resulting 
from variation in resistance of the slip 
rings supplying the exciting current, and 
inspection of the impedance term will 
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Figure 5. Location 
of slip rings and 
related components 


gauge circuit (A), 
and in a constant- 
current circuit (B) 


show how Z; may be chosen to make the 
effect of output-circuit slip-ring resist- 
ance variation negligible. 
sential that the slip rings located in the 
leads which supply the load do not intro- 
duce thermal electromotive forces. An 
alloy consisting of 97 per cent silver and 
3 per cent platinum, the latter for hard- 
ness, used in conjunction with silver- 
graphite brushes, has proved very satis- 
factory under brush pressures of 40 
pounds per square inch and surface speeds 
of about 4,000 feet per minute. Improve- 
ment in the strain signal-to-slip-ring 
noise ratio may be obtained by the use of 
a bridge-output transformer mounted on 
the rotating object, provided that the 
resultant phase and amplitude distortion 
versus frequency of the signal is negli- 
gible. Such a system is suited especially 
for use with carrier-current excitation. 
Constant-current excitation sometimes 
is employed in slip-ring circuits to over- 
come the resistance variation in the trans- 
fer system. With this method, the out- 
put voltage is equal to JdRg as the com- 


Figure 6. Twelve-chan- 
nel _—_amplifier-oscillo- 
graph equipment show- 
ing oscillograph, power 
supply, three banks of 
amplifiers, switching 
panel, and calibrator 
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ponent R,dJ no longer is present. The 
gauge output voltage for constant-current 
excitation is twice that obtained from con- 
stant voltage excitation when the average 
currents in both cases are equal. Refer- 
ring to Figure 5B, it will be seen that the 
voltage drop across the slip-ring contact 
resistance need not be measured as two 
brushes, one for the excitation current and 
another for the signal voltage, may be 
used. It is still possible, however, for. 
thermopotentials arising at the signal. 
brush to mask out the strain voltage un- 
less the proper materials, such as those 
described in the foregoing, are employed. 
To find the stress in a material subject 
to biaxial stress, it is necessary to take the 
proper proportions of two orthogonal 
strains as explained in the discussion of 
the stress gauge. But if it is desired to 
measure two orthogonal stresses at a 
point the purpose perhaps can be served 
best by using a pair of orthogonal strain 
gauges with their electric circuits ar- 
ranged so as to crosstalk mutually the 
correct lateral or transverse component 
each into the other (refer to equation 4) 
to produce the effect of two stress gauges. 
This arrangement requires a double in- 
stallation compared to a single stress 
gauge but yields two stress measure- 
ments, which can be taken separately or 
simultaneously, just as if the strain gauge 
filaments had been arranged in the path of 
stress gauge grids and the mutual imped- 
ance removed. Both sections of such a 
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circuit must be furnished excitation cur-- 


rent, however, even if recorded at separate 
times. One such arrangement consists of 
connecting together two gauges, whose 
directions have the required rectangular 
relationship, with a common impedance 
Zo joining the output or load terminals. 
If the two gauge circuits (composed en- 
tirely of resistive elements) have like 
components it can be shown that when 
~ Zo is set equal to R,(1 + B)(1 — p)/ 
(u — 8) where R; is RgRo/(Ro + Ra), 
pw is Poisson’s ratio and 6 is the gauge 
specific transverse sensitivity, then each 
gauge will have an output voltage pro- 
portional to the stress in the direction 
corresponding to the particular gauge 
orientation. When the gatige and match- 
ing resistor have values of 500 ohms 
each, Ze becomes approximately equal 
to 700 ohms for representative conditions 
of w and 6 equal to 0.28 and 0.02 re- 
spectively. 


INSTRUMENTS AND THEIR SELECTION | 


As the signal is measured in terms of 
microinches per inch it will be readily ap- 
/parent that the voltages available from 
low resistance gauge circuits must be 
small, usually less than 100 millivolts. 
A structure may be stressed at zero fre- 
quency, (static loading), or may be a 
resonant member vibrating at frequencies 
of several thousand cycles per second, or 
be subject to shock loading. Sensitive 
measuring equipment consequently must 
be selected, keeping in mind the fre- 
quencies to be encountered. Vacuum 
tube equipment usually is required al- 
though static and slowly varying strains 
are measured successfully with d-c micro- 
ammeters and light-beam galvanometers. 
Generally, in a stress survey, a number of 
points must be examined and correlated 
with one another with respect to time or 
other variables. Multichannel amplifier 
recording oscillograph combinations prove 
most useful in obtaining and preserving 
this data for later analysis. Figure 6 
shows a typical 12-channel oscillograph 
with 12 channels of amplifiers (three 
. banks of four), a-c power supply, switch- 
ing panel, and calibrator. For flight work 
the a-c power supply is replaced with a 
battery-powered unit. 

The instruments can be chosen prop- 
erly only by an honest evaluation of the 
response required. This implies the de- 
termination of the minimum acceptable 
gain and the choice of fmin and fmax, the 
extreme values of signal frequency which 
must be transmitted and between which 
the amplitude-frequency response must be 
“flat” within, say, +p per cent. In gen- 
eral there will be other frequencies, f; and 
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Table I. 
Response ates 

Nominal Frequency 
Spectrum (Cycles 
per Second) Instruments 


0-0.2 aaseee carn Indicating iwstruments and — 


manually balanced null de- 
vices (manual recording) — 


OSD iO srayetee ios Automatic null-balance re- 
corders 

(Y10s din oops Direct-coupled galvanome- 
ters (no amplification) 

SHZOO|s. «fete sisvetere Amplifier-galvanometer com- 


binations (magnetic damp- 
ing of galvanometers, or 
piezo-crystal galvanome- 
ters) 

2-2,000........ Amplifier-galvanometer com- 
binations (oil-damped gal- 
vanometers) 

2-20,000....... Amplifier-oscilloscope (cath- 
ode-ray) combinations 


fo, between which the phase distortion 
must not deviate from a linear function 
of frequency within some prescribed 
limit. Then there will be the decision 
upon indicating or recording instruments, 
and if recording, whether automatic or 
attended. If accuracy is very important, 
some null-balancing arrangement usually 
is indicated, though such equipment 
ordinarily will have but a very poor am- 
plitude-frequency response, particularly 
if manual balancing is used. Generally 
it will be found that phase response can 
be improved at the expense of amplitude 
response and conversely. For instance, a 
galvanometer element with about 0.6 
critical damping will exhibit a flat ampli- 
tude response to a higher frequency than 
it will for any other value of damping, but 
the phase-frequency characteristic will 
deviate from linearity at a lower fre- 
quency than when the damping is lower 
than 0.6 critical. This is a difficult choice, 
for phase relations in the complex stress 
wave are important if peak values are not 
to be distorted beyond the specified p per 
cent. To demand perfect phase and am- 
plitude response (good square-wave char- 
acteristic) may mean using quite a dif- 
ferent instrument. Once the response 
characteristics have been fixed—the least 
requirements for acceptable results—the 
size, weight, and cost of the equipment 
can be estimated. A very rough indica- 
tion of the type of instrument required 
may be obtained by dividing the instru- 
ments into six classes, each one decade 
apart in the frequency spectrum, as shown 
in Table I. 

Static and dynamic strains may be re- 
corded simultaneously by using carrier 
current excitation or d-c excitation to the 
bridge circuits and associated recording 
equipment. The former method is more 
complex in that it requires a high-fre- 
quency source and freedom from varia- 
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Instruments Classed by Bree Sk 


cateeteh of Rie Laces not 
the amplifier be recorded by som er 
means. A_ very satisfactory m od 
which may be used with conve al 
amplifier-oscillograph equipment has been 
termed the “‘insertion” system,'* whereby ; 
the signal is short-circuited cyclically. 
If the wave form and frequency of the 
switching action are chosen properly 
the recorder passes the zero signal pulses, - 
thereby establishing the axis of zero 
signal on the recording medium. The 
pulse height is exactly equal to the in- 
stantaneous value of the signal, which 
fact sometimes is used in the exact reduc- 
tion of the data. Such a system has — 
been in use for over a year in the measure- — 
ment of steady and transient strains in © 
aircraft propellers. ¢ 


The choice of instruments will be in- — 
fluenced by the required accuracy, par- — 
ticularly with respect to ambient condi- — 
tions of temperature, pressure, humidity, — 
mechanical vibration and noise, and 
power supply variation. Ordinarily, 
characteristics of the equipment may be 
specified so that these variables will be of 
little consequence but oftentimes it be- 
comes desirable to use an instrument 
under conditions for which it was not in- 
tended. Variations in temperature af-— 
fect the operation of oil and electrolytic 
capacitors, the response of oil-damped 
galvanometers, and the lubrication of 
moving parts in oscillographic equip- 
ment. Pressure and humidity affect the 
operation of slip ring brush combinations 
in oscillograph motors and transfer equip- 
ment (such as is required for aircraft 
propeller testing). Amplifiers often are 
subject to disturbance from noise or 
vibration or both. It even has been the 
experience of the authors that the severe 
vibration present on aircraft engine nose 
sections is sufficient to produce a signal 
comparable in wave form and amplitude 
to that of a stress signal, merely due to 
piezoelectric or electrostrictive effects on 
certain laminated plastic insulating ma- 
terials used in the slip-ring assembly and 
brush rigging. This first was discovered 
during a check run with the excitation 
battery disconnected; it subsequently 
was eliminated by discontinuing the use 
of these laminated plastics as structural 
members in the transfer equipment and 
by other design changes. 


When the records are analyzed there 
remain a few more sources of error and 
uncertainties. In a complex vibratory 
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HE system of bus protection using 
linear couplers, or air-core mutual 


reactors, in place of current transformers 


was described before the Institute in 


January 1942.1 By special design the 


mutual reactors were made astatic or in- 
sensitive to outside fields. Through the 


use of air core the troublesome problem 
of saturation of iron by the d-c transient 


component of short-circuit current was 
eliminated. At the same time adequate 
energy was derived for decisive relay 
operation. The coupler secondaries were 
connected in a series loop including the 
relay to form a bus protective system. 
Several applications of this system 
have been made now, and it is the pur- 
pose of this paper to describe the field 
tests and subsequent performance of the 
pioneer applications at the York and 


_ Middletown Pa., stations of the Metro- 


politan Edison Company. Following an 
analysis of the field tests, which more 
firmly establish the operating limits of 
the system, the proposed field of applica- 
tion will be defined in relation to other 
bus protective systems. 

The advantages of bus protection in 
clearing faults rapidly from a system are 
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well recognized by the industry, and the 
provision of relay protection for major 
station busses has been standard practice 
for a number of years. The problems 
involved in such protection also are quite 
well known. One of the principal ones is 
the saturation of current transformers by 
the d-c transient component of the short- 
circuit current. In severe cases the d-c 
transient component may require 100 
times as much flux capacity in the cur- 
rent transformer as is required by the a-c 
component to prevent saturation com- 
pletely. The theory of this problem was 
presented before the Institute by Lang- 
guth and Marshall in 1929.? 


Solutions 


There were a number of successful 
solutions to the problem and it will be 
necessary to mention a few of these to 
illustrate the proper field of application 
of the linear coupler system in relation 
thereto. 

First was the use of large current trans- 
formers which would not be saturated by 
the d-c component. These were used 
with low resistance leads to minimize the 


current transformer requirements in this. 
respect. A formula was advanced speci- 
fying the requirement of iron cross-sec- 
tion, turns, and lead resistance for non- 
saturation, as a function of the fault cur- 
rent and the d-c transient time constant. 


_ This was a “‘bull-by-the-horns” solution 


and its size, weight, and cost could be af- 
forded only in the most important in- 
stallations. However, it provided the 
possibility of instantaneous tripping with- _ 
out any time delay. 

A method’ was developed for calculat- 
ing, with reasonable engineering ac- 
curacy, the time to saturate with off-set 
currents, and the time and current set- 
tings required to prevent misoperation 
with time-delay overcurrent relays and 
usual current transformers. However, 
the time delays required were frequently 
so long as to point the need of a better 
solution. 


Relays‘ also were developed which 
would not operate falsely even when 
used with normal sized current trans- 
formers which saturated due to the d-c 
component. These are multirestraint 
relays; however, their success is due also 
to exploitation of variable percentage 
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stress wave it should be proper to con- 
sider only those stress reversals which 
occur often enough to be considered 
dangerous in the life of the tested part, 
but this is a matter on which it is im- 
possible to be exact. 


Conclusions 


The quantity and complexity of elec- 
trical stress measurements have grown to 
such an extent that a relatively small 
part of the whole stress problem may re- 
quire the full time of one or more individ- 
uals. This trend toward specialization 
naturally reduces the possibility of any 
one person appreciating the problem as a 
whole, with the result that one or two as- 
pects may be emphasized while another of 
equal importance may be neglected. 
This situation, as discussed in the paper, 
is exemplified by a precise electrical 
measurement of a stress which may be 
subject to appreciable uncertainty in itself 
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(due, say, to neutral axis error) or may be 
unrepresentative (gauge location in error), 
so that the responsibility for the procure- 
ment of results which depend upon many 
variables is evident. Although it has 
been possible to touch but lightly on most 
of these phases of the measurement prob- 
lem, it is hoped that the broader con- 
sideration of stress determination, as 
herein presented, will prove helpful to 
those presently engaged in or who will 
enter this field. 
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characteristics and the tendency of the 
d-c component to brake, rather than 
drive, the induction disk. No small part 
of this development was the reduction 
of its operating limits to a few simple 
rules which insure safe application. 
This relay provides operation generally 
in from three to six cycles. 

The linear coupler system combines 
the advantages of high speed and sim- 
plicity of the ‘‘bull-by-the-horns’”’ method 
described first, with moderate size and 
weight of the multirestraint system, and 
some important advantages of its own. 
In principle it is the simplest possible 
system as will be noted (Figure 1b). 
It is the only system which can be tested 
at low currents to ascertain for a cer- 
tainty what its performance will be at 
high current values. The coupling de- 
vices are no larger and often lighter 
than normal-sized current transformers. 
They can be mounted in the usual bush- 
ing current transformer compartments of 
circuit breakers. A single relay per 
phase is required irrespective of the num- 
ber of circuits involved on the bus, a 
ground relay being used in addition if 
ground fault currents are relatively 
small. Figure 2 illustrates a typical 
coupler and relay. 

The theory of the linear coupler sys- 
tem has been outlined in previous 
papers.!> Consequently, only a sufficient 
résumé will be given here to show the 
significant factors which should be in- 
vestigated in the field tests. 


Résumé of Theory of 
Linear Couplers 


As shown in Figure 1 linear couplers 
are connected normally in series whereas 
current transformers are connected in 
parallel to form a differential protection 
circuit. The current transformer is de- 
signed to produce in its secondary a cur- 
rent proportional to the primary cur- 
rent. As long as there is no bus fault 
the vector summation of currents in all 
circuits connected to the bus is equal to 
zero. Hence the summation of secondary 
currents, obtained by the parallel con- 
nection is likewise zero. In event of a 
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Figure ‘. ; 
matic diagram of dif- 
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systems 


LINEAR 
/ COUPLERS i 


~ RELAY 
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bus fault the current in the relay is pro- 
portional to the fault current. 

The linear coupler is a mutual reactor 
and consequently produces in its second- 
ary a voltage proportional to the current 
in its primary. Usually this propor- 
tionality is 5 volts secondary per 1,000 
amperes primary. If there is no fault on 
the bus the summation of primary cur- 
rents is zero and consequently the sum- 
mation of secondary voltages, obtained 
by the series connection, is likewise zero. 
If there is a bus fault the net voltage in- 
duced in the coupler-relay loop is pro- 
portional to the fault current, that is, 5 
volts per 1,000 amperes of fault current 
in the usual design. 


York and Middletown 
Installations 


The first installations of the linear 
coupler scheme for bus differential pro- 
tection were made on the Metropolitan 
Edison Company’s system in the new 
114-kv, outdoor substations at Middle- 
town and York, each authorized for con- 
struction in 1942. Load growth in the 
York area necessitated conversion to 114 
kv of the two 66-kv lines from Middle- 
town to York. The Middletown station 
provides the interconnection between 
these two lines and the existing 114-kv 
circuit to Reading, as well as a principal 
outlet for the Middletown generation 
into the general transmission system. 
The York substation serves as the ter- 


Figure 2 


(a). Linear coupler 
(b), LC-2 linear coupler relay 
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ferential protection — stepping down 


"en ts 


source of su 


transformers. 
Resi, 5 


tical i in tae dein utiliz 
steel structure, protected b 
sah static wires spaced on 

, “back-to-back” circuit t bs 


capacity. Three fia aie 
tial devices are connected to the main bus 
for relay and synchronizing potential. All 
secondary cables for control, current (in- 
cluding linear coupler secondaries), poten- 
tial, power, andl ighting, as well as carrier 
current concentric cables, are buried © 
directly in the earth in a common trench, 
between the control room and their re- | 
spective terminal locations at the out- — 
door structure. The control and relay 
panels at Middletown are located about © 
350 feet distant from the nearest cir- 
cuit breaker, whereas at York this dis- 
tance is 200 feet. 

A one-line diagram of the six-circuit — 
station at Middletown is shown in Figure ~ 
4. An identical 114-kv bus diagram ~ 
applies for the York station, excepting 
that there are five circuits instead of six. 

The decision to install bus differential 
protection at these two important sub- 
stations was made only after long delib- 
eration, including careful analysis of the 
use of all known differential schemes. 
The calculated maximum and minimum 
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114-kv bus fault currents for which the 
relay systems must function were 6,250 
and 1,400 amperes respectively at Middle- 
town, and 4,500 and 1,050 amperes re- 
spectively at York. All 114-kv trans- 
former banks on this system are wye 
connected with solidly grounded neu- 


 trals, resulting in bus interphase and 


- impractical. 


ground fault currents of approximately 
equal magnitude. The calculated d-c 
time constant at Middletown was 0.12 
second, and at York 0.06 second. 


Conventional Methods Analyzed 


Conventional methods, using standard 
bushing type current transformers in the 
115-kv circuit breakers, with paralleled 
secondary connections, were given first 
consideration. The ‘“‘bull-by-the-horns’’ 
method was, of course, economically 
The method using time 
delay overcurrent relays appeared un- 
favorable, as high-speed operation was 
necessarily sacrificed through provision 
of sufficient time delay to overcome the 
effects of d-c saturation in the current 
transformer. Calculations indicated that 
the intentional time delay required to 
permit offset transient recovery would re- 
sult in relay times ranging from 7 to 60 
cycles, under maximum to minimum 
fault currents, respectively. In addition 
to extending damage such times would 
adversely affect the co-ordination with 
transmission line protection. 

The ‘‘multi-restraint relay’ type of 
bus protection’ was found applicable, 
and under the fault conditions previously 
stated would result in relay times rang- 
ing from 3 to 5 cycles.. The number of 
circuits involved, however, required that 
two relays per phase be installed at each 
station. The current transformer con- 
nections and relay wiring would be ar- 
ranged so as to maintain restraint on at 
least one relay per phase under all 
through-fault conditions. Since in gen- 
eral two relays per phase provide protec- 
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Figure 3. 


tion for up to seven source circuits per 
bus, the addition of main circuits at 
Middletown might have presented a prob- 
lem. 


A safe application of either of the fore- 
going systems requires consideration of 
maximum and minimum fault currents 
and their distribution, relay and lead 
burden, ratios and iron cross sections of 
current transformers, number of generat- 
ing sources, and d-c time constant, to- 
gether with other pertinent operating 
conditions. Since the total burden on the 
current transformers is an important 
factor in the successful application of the 
previously described methods, it follows 
that the size of conductor used in the 
secondary cable from the current trans- 
former to the relay may have to be in- 
creased as the distance between them is 
increased. 


Linear Couplers Selected 


Laboratory tests of the linear coupler 
scheme previously described offered con- 
clusive evidence that a simple, high- 
speed bus differential relay system had 
been developed which was free from all 
of the inherent problems associated with 
conventional current-transformer meth- 
ods. While the linear coupler re- 
lay is of necessity a low energy device, 
any fear that unwanted operations might 
occur from induced potentials in the 
secondary cable was believed groundless. 
Calculations had indicated that such 
potentials would be very small compared 
with operating voltages if a continuous 
secondary loop circuit was provided for 
each phase, with the outgoing and in- 
coming conductors in a common spiraled 
cable throughout. Thus, any tendency 
for induced potentials to appear in the 
coupler loop would be cancelled. This 
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Views of Middletown substation — 


was proved in field tests at York, to be 
described later. 

Linear coupler bus protection was 
therefore installed at Middletown and 
York substations for the following rea- 
sons: 


1. Simplicity. No calculations were re- 
quired other than maximum and minimum 
bus fault curredts and the relay setting for 
the desired pick-up. Sound fundamental 
theory of operation had been substantiated 
by the manufacturer with exhaustive labora- 
tory tests. 


2. Linear characteristics of couplers for all 
values and types of fault current meant 


freedom from fear of saturation effects 


caused by offset transients. 


3. Faster relay operation (1 to 2 cycles) 
would be obtained through complete range 
of fault currents, with only one compara- 
tively simple relay per phase, regardless of 
the number of circuits connected to the bus. 
Thus, no complex relay and current trans- 
former secondary connections, and less 
switchboard space would be required. 


4. A complete system required only one 
secondary cable consisting of six, number 10 
copper conductors, running from the relay 
panel to the first circuit breaker, thence to 
the second, third, and so on until the loop 
is completed in the last breaker (Figure 4). 
Actually, a smaller size conductor can be 
used, depending entirely upon the desired 
mechanical factor of safety. A considerable 
reduction in secondary cable was realized 
with the linear coupler scheme. For ex- 
ample, at Middletown a total of 2,800 feet 
of 4-conductor cable would have been re- 
quired with the multi-restraint relay 
scheme, For the linear coupler installation 
a total of 775 feet of 6-conductor cable was 
installed. Therefore, for the installations 
under discussion, the latter scheme required 
approximately 41 per cent of the conductor- 
feet, that would have been required by the 
former. ; 


5. If a cable duct system is used the 
amount of main duct run space saved with 
the linear coupler scheme is the total num- 
ber of circuits involved, minus one. This 
also applies for future circuit additions, in 
which case the new circuit breaker is con- 
nected into the coupler loop by simply ex- 
tending a 6-conductor cable from the nearest 
existing breaker, plus a few feet of wire on 
the relay panel to connect the added breaker 
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trip circuit to the multicontact tripping 
relay. 
6. With the linear doubler scheme an open 
circuited secondary or relay coil renders that 
phase inoperative, whereas such conditions 
occurring with the conventional current 
transformer schemes may cause undesirable 
operation sooner or later. Either manual or 
automatic equipment is available to check 
the continuity of the relay-coupler loop if 
desired. 


7. Cost of linear couplers and relays (not 
including savings in secondary cables) was 
competitive on new installations with the 
multirestraint scheme using bushing type 
current transformers. 


It is of interest to note that the 6-con- 
ductor secondary cables for both in- 
stallations were installed in the same 
trench with all other control and second- 
ary cables leaving the relay panel, being 
buried directly in the earth over the 
greater part of the distance to the cir- 
cuit breakers. Standard 600-volt, non- 
leaded, unshielded ‘‘mummy finish” spiral 
cable was used. 


Field Tests 


For a successful linear coupler system 
which will always trip when desired for 
internal faults and never trip when un- 
desired as for external faults, the follow- 
ing requirement must be met. 


The mutual reactance, or proportionality 
between secondary voltage and primary cur- 
rent must be the same for all couplers on a 


Figure 4 (below). One-line diagram of 
Middletown substation 


375 MVA 37.5 MVA 


37.5 MVA 


*ky 


50 MVA (Under Construction) 
rie a “ 


bus enh certain limits. If ae ane 
on the circuits where current entered the bus 
produced voltages 1.5 per cent high and 
those where current left the bus produced 
voltages 1.5 per cent low, a through-fault 
current would produce 3 per cent as much 


voltage as an internal fault of the same mag- 


nitude. Thus a through fault of 33 times 
the relay setting would be just enough to 
cause faulty tripping. The tolerance can 
be reduced to any desired amount but the 
cost is increased in proportion because of 
the refinements required in manufacture and 
testing. © 


Analysis and measurement of samples 
had indicated that a tolerance of +1.5 
per cent could be held quite readily. 
This tolerance includes several sources of 
variation which will be discussed briefly. 

Linear couplers are wound in the form 
of a toroid similar to a bushing current 
transformer with a uniformly distributed 
winding. The core is of course non- 
magnetic. This form of coil has theoret- 
ically zero mutual reactance to any con- 
ductor not linking the toroid and a con- 
stant mutual to any conductor which 
does link it irrespective of its position 
within the opening. Also its mutual the- 
oretically is unaffected by any external 
magnetic fields. There are, of course, 
minor variations due to irregularities of 
winding so that the mutual is slightly af- 


cur due to Gate steps of 
individual | couplers to . 
coupler. These effects have been ex- 
haustively studied and reported pre- 
viously! and are all included in the 
+1.5 percent over-alltolerance. 4 
In the case of the York and Middle- i 
town installations most of the couplers — 
were supplied separate from the circuit — 
breakers, and were mounted in the usual 
bushing current transformer housings of , 
the breakers in the field. . Polarities were 
checked by impulsing with a flashlight — 
battery as for current transformers. — 
However, the field tests provided an over- 
all check of the tolerance as described. n ' 
above including position effects within — q 
the circuit breaker, effect of the iron 
cases, leads, and coupling with other — 
phases if any. Provision of adequate 
energy for operation at the proposed re- 
lay setting had been demonstrated in the 
prior laboratory tests of the scheme and 
therefore merely was confirmed by the ~ 
field tests. 
Tests for accuracy and performance of 
a linear coupler differential are extremely 
simple because the d-c component in a 
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fault current has a negligible effect, and 
the secondary induced voltage is strictly 
linear with respect to the primary a-c 


_ component magnitude. Hence measure- 


ments may be made with primary cur- 
rents just sufficient to give accurate 
readings on a secondary circuit volt- 
meter. An electronic voltmeter is ideally 
suited for reading these low voltages as 
it has very high impedance so as not to 


‘disturb the current flow in the differential 


Methods of Measuring 
Differential Error 


Measurements of differential error are 
made most directly by opening the series 
differential loop and measuring the net 
induced voltage for a through primary 
current passing into and from the bus. 
The per cent differential error is then 100 
times the net induced volts divided by 
the secondary voltage of five volts per 
thousand amperes of through-fault cur- 
rent. Differential error also may be de- 
termined with the secondary circuit 
closed so as to permit normal relay opera- 
tion by measuring either the voltage 
across the relay or the secondary current. 
Either of these measurements are readily 
translated to net induced volts by a 
curve (Figure 5). This curve is obtained 
by applying a voltage in the coupler-re- 
lay loop while all primary circuits are 
open, and reading total volts, relay volts, 
and secondary current. The operating 
point of the relay should be definitely 
noted and indicated on this curve. Tests 
of this type were made at both Middle- 
town and York. In addition some oscil- 
lograms were taken at York for record 
purposes. 


Test Facilities at 
York and Middletown 


Test arrangements at York are shown 
schematically in Figure 6 and, those at 
Middletown were similar except that the 
bus has six circuits and only one 500-kva 
transformer was available as a test sup- 
ply. The two test transformers at York 
permitted tests for all types of faults and 
a wider range of fault currents. For 3- 
phase faults the transformers were con- 
nected open delta. For heavy-current 
single-phase faults, phase-to-phase or 
phase-to-ground, the transformer pri- 
maries were connected in parallel and 
their secondaries in series. The regular 
high-voltage disconnect switches and 
transfer bus facilitated selection of the 
primary circuits to be used during a test. 
One high voltage circuit was considered 
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the incoming circuit and each of the other 
circuits in turn were used as outgoing 
circuits to determine their percentage 
differential error and to check proper 
phasing and polarity. 


Results of Tests . 


The highest differential error measured 
between any two couplers was found to 
be 2.1 per cent at York and 2.6 per cent 
at Middletown. The average of such 
differential errors was about 0.75 per 
cent. As maximum capacity through 
faults involve more than one incoming 
circuit and may involve more than one 
outgoing circuit, the actual differential 
error depends upon the fault current dis- 
tribution through the various couplers 
and their individual errors. This would 
be less than the highest per cent differen- 
tial error between any two couplers, but 
by assuming it to be the same an addi- 
tional factor of safety is included against 
operation for through faults. 


External Fault Oscillogram 


Figure 7 shows an oscillogram for an 
external AB phase-to-phase fault of 4,850 
amperes fed through circuit breakers 
B-3 and 977. The relays were set to 
pick up for a 550 ampere bus fault, or 
11.3 per cent of this through fault cur- 
rent, and did not operate as the differ- 
ential error was less than the relay set- 
ting. The oscillogram shows the fault 
currents J, and Ig initially offset, neg- 
ligible 7 differential current in the B 
phase loop, and 2.5 milliamperes 1, 
differential in the A phase loop. From 
Figure 5 this 2.5 milliamperes indicates 
0.318 volt net was induced in the loop 
and this in turn represents 1.31 per cent 
differential error. During this test the 
A phase relay voltage was read as 0.15 
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Figure 7. Oscillogram of an external phase- 
to-phase AB fault of 4,850 amperes using re- 
lay setting of 550 amperes 


Reading from the bottom up the traces are: 

14 —Phase A primary current. It shows 4,850 
amperes a-c component and a large rapidly 
decaying d-c transient 
ig—Phase A secondary differential error cur- 
rent. It shows 2.5 milliamperes representing 
1.3 per cent error 
Iz —Phase B primary current. It shows same 
as for phase A 
iy —Phase B secondary differential error cur- 
rent. It shows negligible error 
!¢—Phase C primary current. It shows zero 
current 
i, —Phase C secondary differential error cur- 
rent. It shows no induction from the fault 
current 
Aux. trip—Voltage across auxiliary tripping 
relay coil. It shows that the differential re- 
lays did not close their contacts 
Bkr. trip—Current through B-3 circuit breaker 
trip coil. It shows that it was not tripped 


volt indicating 1.27 per cent differential 
error, and the B phase relay voltage was 
read as 0.05 volt indicating 0.203 per 
cent differential error. A further check 
of these differential errors was obtained 
more precisely in a steady-state test for 
an external 3-phase fault of 1,075 am- 
peres by reading the net induced volt- 
ages directly with the differential loops 
open; and it gave differential errors of 
1.30 per cent for phase A, 0.208 per cent 
for phase B, and 0.524 per cent for 
phase C. With 1.3 per cent differen- 
tial error and a relay set to pick up fora 
550 ampere bus fault, a through fault cur- 
rent of over 42,000 amperes would be re- 
quired to cause undesired tripping. 


Internal Fault Oscillogram 


Figure 8 shows an oscillogram for a 3- 
phase bus fault of 1,157 amperes repre- 
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Figure 8. Oscillogram of an internal 3-phase 

fault of 1,157 amperes (average of 3 phases) 

using relay settings of 550 primary amperes, 
36 milliamperes secondary current 


Reading from the bottom up the traces are: 
14—Phase A primary current. It shows 1,120 
amperes 
ig—Phase A secondary differential current. 
It shows 87 milliamperes 
Iz—Phase B primary current. It shows 1,310 
amperes 
ip —Phase B secondary differential current. 
It shows 95 milliamperes 
I¢—Phase C primary current. It shows 1,040 
amperes 
i, —Phase C secondary differential current. 
It shows 76 milliamperes 
Aux. Trip—Voltage across auxiliary tripping 
relay coil. It shows that the differential re- 
lays closed their-contacts in 1.75 cycles 
Bkr. Trip—Current through B-3 circuit breaker 
trip coil. It shows it was energized 3.13 
cycles after inception of fault 


senting 2.1 times the 550 ampere pick- 
up of the relays. It shows that the linear 
coupler relays energized the auxiliary 
trip relay in 1.75 cycles, the auxiliary 
trip relay energized the breaker trip coil 
at 3.13 cycles, and the fault was cleared 
at 8 cycles. This 3-phase fault was un- 
usual in that it changed to different types 
of interphase faults because the test 
source voltage of 160 volts was not suf- 
ficient to establish or maintain arcs under 
oil with minute separation of the breaker 
contacts. The fault was successively 
an AB fault for 0.10 cycle, an ABC fault 
for about a cycle, an AC fault for 0.15 
cycle, an ABC fault until the breaker 
started to interrupt and ended as a BC 
fault for the final 0.17 cycle. These 
fault transients did not interfere with 
operation of the relays as each showed a 
target, indicating all three relays closed 
their contacts within a 1/4 cycle period, 
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required for the first trip circuit to be 
sealed. This test was a repeat of the pre- 
vious test made without oscillograph and 
with the relay trip circuit disconnected so 
that the fault could be held long enough 
to read the three primary currents and the 


three relay voltages. These readings 
verified each other and the subsequent 
oscillographic record. 


Summary of York Tests 


These two oscillograms and their ex- 
planations are representative of the 
series of 19 fault tests made on the 114- 
kv circuits at York. They included 3- 
phase, phase-to-phase, and phase-to- 
ground faults both external and internal. 
The phase-to-ground faults were made 
through the structural steel and its mul- 
tiple paths lowered the impedance to 
give fault currents up to 6,500 amperes. 
This current for a bus fault reduced the 
relay time to 1.33 cycles. The ground 
fault tests showed a neglible induction ef- 
fect in the unfaulted phase loop circuits. 
In addition to the fault tests made on the 
114-kv circuits, a ground fault was ap- 
plied to a lighting circuit installed in the 
same trench as the bus differential leads 
to the structure and it was found that 
the 250 amperes that flowed out on the 
lighting circuit to return by way of ground 
induced quite negligible voltages, 0.012 
volt, in the bus differential loops. This 
is less than half of one per cent of that 
necessary to operate the relays with the 
settings used. 


Middletown Tests 


The Middletown tests were similar but 
were made without oscillograph and with 
only one single-phase test transformer, 
which was able to deliver up to 4,800 am- 
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peres for a ele, fault. So as to demon- 
strate better the reliability of the linear 
coupler differential, the relay setting was 
deliberately lowered from ‘the contem- 
plated 700 ampere setting to 150 am- 
peres, representing 3.1 per cent of the 
4,800 ampere maximum through fault 
test. A complete round of 32 tests were 
made with this sensitive setting. The 
relays operated for all bus faults and did 
not operate for any external faults, even 
though differential errors up to 2.6 per 
cent were measured. After this the relays 
were returned to their normal 700 ampere 
pickup setting and then their complete 
tripping operation was demonstrated 
with bus faults of about 1,100 amperes. 


Operating Experience 


Field experience must be depended 
upon to show up any factors which may 
have been overlooked, and constancy of 
performance over a period of time, and 
to bring out any problems of maintenance 
or adjustment that may be involved. 

Based on minimum fault current of 


1,400 amperes and 1,050 amperes at 


Middletown and York, respectively, the 
linear coupler relays were set at a pick-up 
value of 700 amperes and 550 amperes, 
respectively. They have been in service 
approximately two years, and although 
during this period there have been no bus 
faults at either location to require opera- 
tion, there have been a total of 8 faults 
on the Middletown-York circuits and 35 
faults on the Middletown-Lebanon cir- 
cuit, none of which caused incorrect opera- 
tion. 

A 66-kv ground fault on the 50,000 kva 
transformer bus structure at Middletown 
likewise did not cause operation of the 
linear coupler relays although the linear 
coupler secondary cable is buried in the 
earth in close proximity to the fault 
location. 


Conclusions 


In addition to providing assurance that 
the York and Middletown bus protection 
systems are in first class operating condi- 
tons, the tests have established the fol- 
lowing facts of importance in general 
application of the system. 


1. Linear couplers can be factory tested 
separately from the circuit breakers and 
then mounted in the breakers in the field, 
without any special adjustments. 


2. The factory tolerances being maintained 
on the coupler mutual reactance results in 
over-all variations after mounting not over 
+1.5 per cent. 


3. With normal precautions of keeping the 
wires of the coupler-relay loop in a common 
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_ spiraled cable, induction from other circuits 
in the control ducts is negligible. 
4, Field tests confirm that significant tests 
can be made at reduced primary currents. 
_ The system is linear and the percentage er- 
rors so determined apply equally well at 
higher currents. This facility is not en- 
joyed by any other system. j 
_ In many applications the choice lies 
between the multirestraint relay with 
current transformers and the linear- 
coupler system. If the current trans- 
formers already exist and are usable as 
_ they are or with rewinding, there may be 
an economic factor in favor of the multi- 
; restraint relay. However, this must be 
balanced against the lower cost of second- 
ary cable installation with the linear 
couplers. Also, if partial differential 
 feeder-backup protection is to be applied 
using the same current transformers, the 
corresponding equipment has not yet been 
developed for application with the coup- 


, lers. The 3- to 6-cycle operating time of | 


the multirestraint relay system has usu- 
ally proved adequate from a stability 
standpoint. 


4 


On new installations or revamping 
projects where either current trans- 
formers or couplers will need to be pro- 
* cured, the linear coupler system offers 

instantaneous tripping in a very simple 

system which can be readily applied and 
tested. Its cost is competitive with the 
multirestraint relay system. 


The multirestraint relay is applicable 
when the current range from maximum 
through fault to relay setting is up to 
100 to 1. One relay per phase suffices 
with up to three major sources (genera- 
tors, transformers, bus-ties) per bus sec- 
tions; two per phase for up to seven 
major sources. 


With the linear coupler system but one 
relay per phase is used irrespective of the 
number of circuits connected to the bus. 
However, energy requirements fix the 
lower limit of relay setting for positive 
action at approximately 300 amperes with 
six circuits per bus, plus 25 amperes per 
additional circuit. The range of currents 
from maximum through fault to relay 
setting has been limited purposely to 17 
to 1. As demonstrated by these tests this 
limit is quite conservative in the case of 
the installations described. This range 
usually covers the required range for 
phase currents and also for ground cur- 
rents on solidly grounded systems. 
Where ground currents are limited as by 
grounding resistors, making the over-all 
current range more than 17 to 1, a sepa- 
rate ground relay is required in the 
linear coupler system and is prevented 
from operating for other than single-line- 
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Synopsis: Volt-ampere characteristics of 
60-cycle arcs in still air with lengths and cur- 
rents such as occur in power systems have 
been investigated under laboratory condi- 
tions. The arcs varied in peak current from 
68 to 21,750 amperes and in length from 1/8 
to 48 inches. Typical oscillograms and volt- 
ampere curves of these tests are presented. 
The voltage gradient in the arc is affected 
very little by current magnitude. Through- 
out the entire range all gradients remained 
between 21.5 and 50 volts per inch, with 
35 per cent of all values in a 5 volt per inch 
interval having an average value of 34 volts 
per inch. The increase in apparent gradient 
due to voltage drop at the electrodes was 
found to be negligible where the arc length 
exceeds several feet. The decrease in short- 
circuit current of a power system through a 
series arc as compared with that for the same 
system with a metallic short circuit has been 
investigated. Data are presented showing 
the actual reductions observed for various 
conditions of circuit voltage and impedance. 


HORT CIRCUITS on transmission 

lines and at terminals of high voltage 
power apparatus practically always take 
place through long arcs in air. It is im- 
portant, therefore, to know to what extent 
these arcs limit the short-circuit current 
and make it less than would occur with a 
metallic short circuit. The drop across 
the arc also affects the phase angle be- 
tween voltage and current in directional 
types of relays. The data in the form pre- 
sented here also can be used to indicate 
the current limiting effect of arcs on low 
voltage circuits. Although considerable 
data from field studies of transmission line 
flashovers are available,!? the uncon- 
trolled conditions do not permit any accu- 
rate determination of the are char- 


to-ground faults by a ground detector 
relay described by Sonnemann.6 The 
ground current setting cannot be below 
the 300 amperes for a 6-circuit bus plus 
25 amperes per additional circuit. 

Summarizing, local conditions will fre- 
quently dictate the proper application. 
Where high speed, simplicity and relia- 
bility are important, the linear coupler 
system should receive prime considera- 
tion. 
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acteristics of the arcs in the flashovers. 

This investigation, therefore, has been 
carried out under laboratory conditions 
where better control of the variable factors 
is possible. 


Testing Procedure and Apparatus 


In order to cover a wide range of current 
values the 27,000-kva single-phase trans- 
formers in the Westinghouse high volt- 
age laboratory at Trafford, Pa., were 
used to supply power for these tests. 
The current was limited by the imped- 
ance of the transformers and reactors 
connected in series. 

Arcs varying in length from 1/8 to 48 
inches and in peak current from 68 to 
21,750 amperes were investigated. Most 
of these tests were made with brass elec- 
trodes at 48 inches separation. This 
large electrode separation was chosen so 
that the voltage drop adjacent to the elec- 
trodes would be negligibly small. How- 
ever, owing to the limited capacity of the 
transformer bank, for currents in excess of 
10,000 amperes the transformers had to be 
reconnected for smaller voltage. This 
voltage was insufficient to maintain the 
current in the 48-inch are. For this reason 
these tests were made at 24-inch and 12- 
inch contact separations. 

The arcs, which were initiated by means 
of fuse wires, were drawn in a vertical 
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Table I. Arc Volts Per Inch at Peak Current on Long 60-Cycle Arcs in Air 


Arc Volts Per Inch on Each Half Cycle 
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ft Probable bowing of arc. 

* Photograph indicates bowing of arc to approximatel 
t Leads to test rearranged. Photograph shows no bo 
# Figures give total erc volts on the !/s-inch gap. 


y 1.5 gap length. 
wing of arc on AB. 


** Abnormally high voltage undoubtedly due to its occurrence immediately after fusing of large size fuse wire. 


plane to prevent are elongation by con- 
vection. To eliminate as far as possible 
any looping of the arc, the current leads 
to the terminals were placed along the 
longitudinal axis for a distance of 2 to 4 
feet. Observations made through dark 
glasses and also by photography indicate 
that the are is reasonably straight be- 
tween the electrodes when these precau- 
tions are taken. 

Magnetic oscillograms were taken of all 
tests, and measurements of current and 
arc voltage data were made from these 
records. 


Variation of Voltage Gradient in the 
Arc With Current 


Table I summarizes the data for all the 
arcing tests, giving the peak current and 
corresponding voltage gradient in the are 
for each half cycle of arcing. No correc- 
tion has been made for potential drop at 
the electrodes in this table. 

Figure 1 shows graphically the variation 
of voltage gradient in the are with cur- 
rent, using the data from Table I. A 
correction of 3 volts per inch was made for 
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electrode drop in plotting the data for the 
12-inch long ares, as this is approxi- 
mately the proper value indicated by 
tests which will be discussed further in a 
later paragraph. Tests W to AA in- 
clusive were omitted from this curve, as 
it is believed that there was some arc 
elongation on these tests due to magnetic 
fields from the current supply leads. 

This curve shows that practically all 
of the arc voltage gradients found in 
these tests fall between 25 and 50 volts 


per inch, The average of the gradients 
appears to remain constant at 31 to 33 
volts per inch for all currents up to 5,000 
amperes, rises slowly to 38 volts per inch 
at 10,000 amperes, and remains constant 
up to over 20,000 amperes. 

The fact that the arc voltage gradients 
cover a rather wide band has not been 
entirely explained. It is believed, how- 
ever, that at least a part of this variation 
can be accounted for by the effects of mag- 
netic forces moving the are about. If the 


FIRST HALF-CYCLE ARC 
FIRST HALF-CYCLE ARC 


Figure 1. Voltage 

gradients at peak 

current on 60-cycle 
power arcs in air 


ARC VOLTS PER INCH AT CURRENT PEAK 
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Figure 2. Distribution of voltage gradients at 
peak current on 153 half cycles of arcing 
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arc terminals strike unsymmetrically, or if 
the axis of the arc moves away from the 
axis of the electrodes, magnetic forces act 
to accelerate such motion. This results in 
slight variations in arc path and relative 
motion of the arc and surrounding air. 
The effect of convection air currents and 
turbulence conditions at the arc bound- 
ary change and cause a more rapid loss of 
heat and ionization requiring higher arc 
voltage to maintain the current. The 
3.7-ampere arc in Figure 11 shows varia- 
tions in are path of a substantially 
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§ Table Il. Current Limiting Effect of Series Arcs on Short-Circuit Currents 


First Half Cycle : 
Arc Current, Maximum Arc 


No-Arc Arc Circuit Per Cent of No= Current, Per Cent 

Short-Circuit Length, Volts, Arc Short=Circuit of No=Arc Short= 
Test Peak Current Inches Rms Current Circuit Current 
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* Arc extinguished itself in 1 or 2 half cycles. 
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ARC VOLTS PER INCH 


Figure 4. Wolt-ampere characteristics of a 
1,000 rms ampere arc 


Second and sixth half cycles of test F, Table |. 
Arc length 48 inches 
A—Second half cycle 
B—Sixth half cycle 


ARC VOLTS PER INCH 


O° 12°) 4, © S626). 10h lo mae 
AMPERES x 1000 


Figure 5. Wolt-ampere characteristics of a 
10,000 rms ampere arc 


First and second half cycles of test W, Table | 
Arc length 24 inches 
A—Fusing current, 2,260 amperes 
B—Are volts at fusing, 178 volts per inch 
C—First half cycle 
D—Second half cycle 


straight arc which seem to agree with this 
explanation. 

Two tests in Table I, AZ and AM, 
were made on 1/8-inch long gaps in order 
to determine the approximate additional 
voltage due to drops at the electrodes. 
The maximum currents on the first half 
cycles of these tests were respectively 
15,750 and 22,100 amperes, and the cor- 
responding arc voltages 34.8 and 42.6 
volts. Although a small part of this volt- 
age can be attributed to positive column 
drop in the 1/8-inch long arc, the results 
indicate that approximately 30-40 volts 
can be attributed to drop at the electrodes. 
The positive column gradient expressed 
in volts per inch is, therefore, approxi- 
mately, (eg—35)+/, where e, is total arc 
volts, and / is arc length in inches. This 
indicates that drop at the electrodes has 
a negligible effect on the apparent gradient 
if the arc length exceeds several feet. 

The distribution of voltage gradient 
values for the entire series of tests from 
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68 to 21,750 peak amperes in 5 volt per 
inch intervals is shown graphically in 
Figure 2. This curve indicates that over 
35 per cent of the gradients fall in a 5 volt 
per inch range having an average value of 
34 volts per inch. 


Volt-Ampere Characteristics 


Figures 3, 4, 5, and 6 show volt-am- 
pere characteristics of arcs varying in 
peak current from 145 to 21,750 amperes. 
The volt-ampere curves are similar for 
both high and low currents, but there is 
considerable variation from one half cycle 
to another. This is illustrated by the 
curves of Figure 4 showing two half cycles 
of a 1,000 rms ampere arc. Here the sixth 
half cycle is considerably lower in arc 
voltage than the second. This might sug- 
gest that arc voltage decreases as arcing 
progresses from one half cycle to another, 
but examination of the test data fails to 
show any definite trend in this direction. 


Current Limiting Effect of Arcs 


The current limiting effect of the arc at 
short-circuit currents was studied for a 
considerable number of the tests recorded 
in Table I, by first drawing an arc be- 
tween a pair of electrodes and then taking 
the short-circuit current under the same 


Figure 7 (above). 


A. Current and arc voltage with a 48-inch series arc. 

Maximum peak current 3,730 amperes 

B. Current in the same circuit without a4 series arc. 
current 5,660 amperes 


Table |. 
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Effect of a series arc in reducing short-circuit 
current in a 4,000 rms ampere 2,300 rms volt system 
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AMPERES 
Figure 6. Wolt-ampere characteristics of a 
15,000 rms ampere arc 
Second and fourth half cycles of test AN, 
Table |. Are length 12 inches. Gradients 
corrected for drops at electrodes 
A—Second half cycle 
B—Fourth half cycle 


conditions, except with the are gap short- 
circuited with a heavy copper conductor. 

In Table II the values of short-circuit 
current without a series arc for each test 
condition of Table I are given together 
with the percentage reduction in current 
observed when the same circuit is short- 
circuited through a series arc. Nominal 
values of the no-are short-circuit currents 
are given for the tests in which these 
values were not experimentally observed. 

Typical oscillograms are shown in Fig- 
ures 7 and 8, illustrating the reduction in 


Test J; 


Maximum peak 
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A. Current and arc voltage with a 48-inch series arc. 
Table 1. Maximum peak current 5,440 amperes 
B. Current in the same circuit without a series-arc. Maximum peak cur- 


short-circuit current due to series arcs. 
These oscillograms show that a 48 inch 
long arc reduces the current very appreci- 
ably on a 4,000-ampere 2,300-volt circuit, 
but has much less effect at 6,900 volts 
with approximately the same current. 
This may be expected, as the are voltage 
in the latter case is a much smaller part 
of the applied circuit volts. As a rough 
estimate the arc may be treated as a series 
resistance having a value equal to are 
volts divided by normal rms short-circuit 
amperes. The approximate reduced value 
of current with a series arc then may be 
estimated as the quotient of rms volts 
and the impedance, in which the arc resist- 
ance is added vectorially to the normal 
circuit impedance. 

Since the arc voltage, e,, is nearly con- 
stant in value, a better estimate may be 
made by directly integrating the differ- 
ential equation of the circuit but remem- 
bering that e, changes sign when the cur- 
rent reverses. This requires a redeter- 
mination of the constant of integration at 
each current zero. 

For example, to determine the steady 
state current for a circuit which consists 
of a pure inductance and a series arc, we 
may start-with the equation, 


di 
A cos wi+B sin Bs 9 2gee ye 1 (1) 


dt 


where 


Figure 8 (below). Effect of a series arc in reducing short-circuit 
current on a 4,000 rms ampere 6,900-volt system 


Test S, 


rent 5,630 amperes 
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Figure 9 (above). 


Figure 11 (right). 


A cos wit+B sin wt=sinusoidal impressed 


voltage 


~/ A2+B? =E,=maximum value of im- 
pressed voltage 

£=inductance in henrys 

€, =are voltage (assumed of constant value) 


Integrating equation 1 gives 


a in wt aa fH (2) 
=— sl === COS.0t=— 
at Sul (4) aL iS @ L 


Figure 10. Photographs of 12-inch high cur- 

rent arcs showing the effect of the magnetic 

field due to the supply leads on the shape of 
the arc 


A (below, left). Substantially straight arc 
when current supply leads are brought in 
along the axis of the arc. Test AK, Table I. 
Maximum peak current 19,700 amperes 
B (below, right). Bowing of the arc when the 
supply leads are not located along the axis of 
the arc. Test AA, Table 1. Maximum peak 
current 19,100 amperes 
The supply leads have been retouched to show 
their locations more clearly 
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Oscillogram of a short-circuit test on a 20,000 
rms ampere, 1,150 rms volt circuit, with a 12-inch series arc 


Test AN, Table |. Maximum peak current 21,500 amperes 


Photograph of a 48-inch 3.7 rms ampere arc 
showing variations in arc path of a substantially straight arc 


as long as the current and with it e, does 
not change sign. 

We now assume that 7 is initially zero 
when ¢ is zero and passes through zero 
again at uniform half cycle intervals. 
Then the constants K, B, and A may be 
evaluated as follows: 


When ¢=0, i1=0; substituting these val- 
ues in equation 2 gives 

M4, B 

aa oF 


When t=1/2 cycle or 7/w, +=0; substi- 
tuting these values in equation 2 gives 


Brepee 
2 
A =W/E,?—B*= Vent 3) 
2 


Using these values for A, B, and K in 
equation 2 gives the solution for the cur- 
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rent in terms of known constants as fol- 
lows: 


oT v sin wh— oL* 
Cu (Fug 
t—— +— 3 
Piet i 2o0L (3) 


The ratio of this current at peak value to 
that without the series arc is very nearly 


qe (2) 

¥ percer a "' 

percuntger eqn \? 
En 2Em 


It also may be shown from equation 1 
that the current lags the voltage by an 
angle, 


B 
=" cos ————— — eogmt 
V/V A2+B? QF, 


In actual faults the arc length usually 
increases by bowing or looping, and the 
arc voltage gradient also may rise slightly 
as a result of air currents. Estimates of 
current reduction in which the values for 
arc voltage gradient presented in this 
paper are used, therefore, should give 
conservative, that is slightly too high, 
current values. 


Conclusions 


1. Theaverage voltage gradients at current 
peak for 60-cycle arcs in air lie between 31 
and 88 volts per inch for currents over the 
entire range from less than 100 to over 20,000 
peak amperes. 


2. The arc voltage varies considerably 
from one half cycle to another. The ex- 
treme range of this variation was from 21.5 
to 50 volts per inch. Arc voltages on low 
currents vary over a wider range than on 
high currents. 


3. While the variability of arc voltage has 
not been explained satisfactorily, it is be- 
lieved that it is due at least in part to the 
magnetic forces acting on the arc which tend 
to shift the arc core into new arc paths that 
are less highly ionized and require higher arc 
voltage to maintain the current. 


4. The average arc voltage gradient at 
current peak appears to rise from about 31 
volts per inch at currents below 5,000 peak 
amperes to 38 volts per inch in the 10,000 
to 20,000 ampere range. 


5. For the complete range of currents 
from 68.5 to 21,750 peak amperes, 35 per 
cent of all the are voltages fall within a 5 
volt per inch interval having an average 
value of 34 volts per inch. 


6. The current limiting action of arcs on 
short-circuit currents depends on the rela- 
tive value of the total arc voltage to the cir- 
cuit voltage. Approximations by calcula- 
tion or graphical means of current reduction 
resulting from a series arc should be possible 
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of Rototrol Regulators 
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Synopsis: The Rototrol has been applied 
in considerable numbers to a wide variety of 
industrial applications. It has met ade- 
quately the need for a simple and reliable 
regulator which is capable of withstanding 
the rigors of general industrial usage and 
which is sufficiently elemental in operation 
that it can be understood by nontechnical 
maintenance personnel. It has been ac- 
cepted enthusiastically by industry, and ap- 
plications in both existing and new fields 
are increasing rapidly. This paper discusses 
the fundamental theory of the Rototrol, 
the application of the circuits most com- 
monly used, and cites operating results for 
typical installations. 


HE Rototrol is nothing more than a 

d-c generator similar in design and 
theory of operation to the standard d-c 
generator, but with a number of field 
windings which are designed and con- 
nected in various ways, depending on the 
regulating problem. The Rototrol func- 
tions entirely through the interaction of 
these fields, and has no moving parts or 
circuits which require delicate adjust- 
ment for proper operation or to compen- 
sate for wear. After initial adjustment 
during installation no further attention 
is required other than the routine main- 
tenance associated with a d-c machine of 
similar size. The Rototrol is drivenatcon- 
stant speed either by a small squirrel-cage 
induction motor or as a part of the motor 
generator set or exciter set of the adjust- 
able voltage drive which it serves. 

The Rototrol, as shown in the func- 
tional diagram, Figure 1, is one of the 
most simple regulators yet devised. The 
principal elements are a self-energizing 
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tion of the pattern and pilot fields. 


field (either in series or in parallel with 
the armature) and the separately excited 


control fields (usually two in number). — 


One of the control fields commonly is re- 
ferred to as the pattern field and is excited 
from a constant potential source. The 
other control field measures the quantity 
to be regulated and is referred to as 
the pilot field. The pattern and pilot 
fields usually are connected with their 
ampere turns in opposition, so that the 
pilot field measures the quantity to be 
regulated and compares it with the pat- 
tern field. Any net difference in these 
fields will cause the Rototrol to exert 
corrective forces to reduce the difference, 
so that the pattern and pilot fields balance 
out when the quantity under regulation 
is at the proper value. 

Assume for the moment that the self- 
energizing field is short-circuited. Under 
this condition the ampere turns required 
to generate output voltage necessarily 
must come from the difference in excita- 
Pre- 
cise regulation would be impossible, as a 
change in operating conditions would 
necessitate a greater or less difference in 
ampere turns, and the quantity under 
regulation would vary. From this it is 
concluded that for high accuracy the pat- 
tern and pilot fields must control the 
Rototrol output without supplying the 
ampere turns required to generate output 
voltage. The self-energizing field must 
perform this function so that the control 
fields are free for their regulating and 
forcing functions. 

The self-energizing field is designed 
and tuned by a simple resistor adjust- 
ment, so that its resistance line is coinci- 
dent with the air gap line of the no-load 
saturation curve. For instance, if 1 am- 
pere in the self-energizing field generates 
50 volts across the brushes, and the re- 
sistance of the self-energizing field circuit 


when arc voltages and circuit conditions are 
known. 
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Pais if 2 uae dow: in the 
energizing field, 100 volts will be gene 
ated which will cause 2 amperes to flo n 
through the tuned or self-energized cir- 
cuit. With the self-energizing field s : 
signed and adjusted, it is possible for the — 
Rototrol to operate over the straight por- 
tion of its saturation curve without the 
control fields supplying the magneto- 
motive force necessary to generate volt- 
age. Such a device then may be used as a 
simple and accurate regulator. 

In order for the saturation curve to © 
approximate closely the self-energizing — 
field circuit resistance line, it is necessary — ; 
to minimize hysteresis effects. By the use — 
of special steels, or by special treatment 
of standard steels, hysteresis or residual 
magnetism can be reduced to the point — 
where its effect is negligible. For ex- | 
ample, a recent Rototrol on the basis of 
normal saturation for a d-c generator — 
tested 0.4 per cent residual voltage. A 
comparable value for the usual d-c ma- 
chine is 5.0 per cent. 

Although the foregoing discussion de- — 
scribes a Rototrol with two control fields, — 
it is possible to supply additional control 
fields to receive main or supplementary 
regulating intelligence. For instance, in 
certain speed control problems, it is 
desirable to limit the armature current 
which flows in the main machines to a 
definite value. An additional Rototrol 
control field is added and its circuit de- 
signed so that it takes control should the 
current exceed a definite value for either 
motoring or regenerative conditions. 
This field acts to hold the current within 
definite limits during acceleration or re- 
tardation and is particularly advanta- 
geous where the inertia of the mechanical 
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Figure 1 (above). 
Fundamental Roto- 
trol circuits 


ELECTRICAL ENGINEERING 


SPEED 
| | ADJUSTING 
__| RHEOSTAT 


EXCITER BUS 


system is large and a considerable period 


of time is required to accelerate from one 
speed to another. 
The Rototrol is particularly well suited 


_ for application in closed cycle control sys- 
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tems. The criterion for a closed cycle 
system is that the deviation from the ideal 
performance be used to modify the flow 
of power to reduce the deviation. In 
such systems stability of operation must 
be carefully considered. A complete 
analysis of stability is beyond the scope of 
this paper, but a review of the factors 
that affect it is in order. The most im- 
portant factors are the level of ampere 
turns in the control fields, the speed of 
response of the Rototrol system as deter- 
mined by the time constants and mutual 
linkages of the various fields, series or 
parallel connection of the self-energizing 
field, and the electrical and mechanical 
inertias of the machines or system of ma- 
chines under control. By proper evalua- 
tion of these various factors and care in 
the design of the system it has been pos- 
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he 
Figure 2. Elemen- 
tary circuits _— of 
counterelectromotive 
force type speed 
regulator 
Figure 
Plot of test results at 
1/30 speed for 150 
horsepower  super- 
calender drive with 
and without Rototrol 
counter electromo- 
tive force type 
regulator 


sible to apply most Rototrols without the 
use of external stabilizing means. This 
makes the device well suited for industrial 
applications where simplicity of circuits 
and functions are desirable, both from the 
standpoint of operation and maintenance 
and of initial cost. 

A few of the Rototrol circuits most 
commonly used with typical applications 
and operating results are described in the 
following paragraphs. These applica- 
tions are chosen as indicative of the wide 
variety of functions which the device will 
perform. 


Counterelectromotive Force Type 
Speed Regulator 


The Rototrol counterelectromotive 
force type of speed regulator circuit is 


Figure 3. High speed supercalender equipped 
with Rototrol counterelectromotive force 
speed regulator 
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perhaps the most widely applied. Repre- 
sentative applications are feed drives for 
machine tools, adjustable voltage planer 
drives, high speed adjustable voltage 
elevator drives, skip hoist drives, and 
supercalender drives. It is applied where 
wide speed ranges are required with good 
speed regulation at all speeds, parti- 
cularly at the minimum speeds. The cir- 
cuit does not require a pilot generator to 
measure the motor speed, which results 
in a space saving about the machine and 


in a simplification of the electric equip- 


ment and circuits. ’ 

Figure 2 shows the elementary circuits 
of the Rototrol counterelectromotive 
force type of speed regulator. The speed 
of a d-c motor is given by the well-known 
formula, 


_V—(laRa) 


S Ke 


in which S is the motor speed, Va, Ja, and 
Ra are armature circuit voltage, current, 
and resistance respectively, ¢ is the flux, 
and K is a constant depending on the 
motor design. If the motor is excited 
separately at constant potential, the flux 
may be assumed constant with small 
error. The motor speed is then propor- 
tional to the counterelectromotive force, 
which is the voltage across its armature 
minus the resistance drop in its armature 
circuit. Rototrol pilot field B measures 
the voltage across the armature, and pilot 
field A measures the armature current 
which is directly proportional to resist- 
ance drop. Field A is connected in oppo- 
sition to field B, so that the net result of 
these two fields measures the motor 
counterelectromotive force, which is di- 
rectly proportional to motor speed. 
Rototrol fields C are connected in a 
bridge circuit with the generator field and 
perform the double duty of both pattern 
and self-energizing functions. All legs 
of the bridge are of the same resistance. 
The component of current Ja flowing 
from the exciter bus serves as pattern 
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Figure 5. Elementary circuits of precision type speed regulator with 
pilot generator for measuring motor speed 


Figure 7 (right). Elementary circuits of tension control system for core 


type reels 


a. Without speed limit feature 
b. With speed limit feature 


field current and in such a bridge will not 
cause a voltage drop across the Rototrol 
armature circuit. The component of cur- 
rent Jb flowing from the Rototrol arma- 
ture through the bridge serves as the self- 
energizing component and conversely 
does not cause a drop across the terminals 
connected to the exciter bus. The circuits 
are arranged so that the pattern compo- 
nent of current through fields Cis in oppo- 
sition to the net effect of pilot fields A and 
B. Thus the pilot fields measure the mo- 
tor speed and compare it with the pattern 
field component of current through fields 
C. If a difference exists, the Rototrol 
will compensate the generator field exci- 
tation and thus the motor speed until 
these fields again balance out. 

A typical application of this circuit is 
to high speed adjustable voltage super- 
calender drives used in the paper in- 
dustry. On supercalenders production 
speeds of from 1,200 to 2,000 feet per min- 
ute are becoming common, and the calen- 
der must be threaded at approximately 
50 feet per minute, which results in an ex- 
tremely wide speed range. Furthermore, 
the threading speed must be held constant 
for ease in threading and for safety to the 
operator. This requirement is compli- 
cated, because at threading speed the 
generator is operated near residual volt- 
age, and a small change in residual voltage 
or in operating load means a relatively 
large speed change. Also as a result of 
threading the paper through the stack 
and the application of weighting, the load 
may vary 2 to 1 or more, which results in 
considerable speed variation with an un- 
regulated drive. 

In the past several methods of obtain- 
ing stable threading speed have been 
used. One method was to obtain part of 
the speed range by motor shunt field con- 
trol which only partially eliminated the 
difficulty and was expensive because of 
the large frame size of the driving motor. 
Another method made use of a separate 
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motor geared to drive the calender at 
threading speed to an overrunning clutch. 
This method gave stable threading speed 
but resulted in a complicated mechanical 
layout. The use of a Rototrol speed 
regulator obviates these disadvantages 
and is simple, as it requires only a small 
Rototrol set and a minor modification of 
the control circuits. 

Figure 3 shows a view of a high speed 
supercalender driven by an adjustable 
voltage drive designed for a maximum 
speed of 1,200 feet per minute and a 
threading speed of 40 feet per minute. 
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The entire range of 30 to 1 is obtained by 
armature voltage control. Figure 4 is a 
plot of test results at threading speed with 
and without the Rototrol regulator. Ex- 
cellent regulation of threading speed is 
obtained as well as ample torque to break 
away the high static friction torques on 
the sleeve bearing stack. 


Figure 6. Graphic speed charts taken on a 

250-horsepower drive illustrating performance 

with (left) and without (right) Rototrol preci- 
sion type regulator 
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On applications where it is desirable 
to hold the speed of the driving motor 
within very close limits, a pilot generator 
for measuring motor speed directly is used 
in conjunction with the Rototrol. Typi- 


‘regulator include drives for paper ma- 
chines, wind tunnel propellers, and 
-dynamometers. . 
_ The schematic diagram of a Rototrol 
regulator for precise speed regulation is 
shown in Figure 5. A pilot generator is 
used to measure the drive motor speed 
and excites the Rototrol pattern field 2. 
Pattern field 1 is excited from the exciter 
_ bus as is the pilot generator field. These 
’ fields are connected in series to minimize 
_ the effect of changes in exciter bus volt- 
4 age and changes due to unequal field heat- 
_ ing. The Rototrol excites generator field 
. A and supplies only the regulating field 
- power. Generator field B supplies the 
_ base excitation of the generator for any 
- speed setting. To assure high sensitivity 
at all speeds, the speed adjusting rheostat 
is located in Rototrol field 2 which is 
_ served from the pilot generator so that a 
* constant level of forcing excitation is ob- 
tained over the complete speed range. 
When the drive motor speed is at the 
correct value, the control fields 1 and 2 
balance out. If the motor speed departs 
from its correct value, the speed change 
is detected by the pilot generator and 
- transmitted to the Rototrol pilot field 2. 
A difference then will exist between the 
pilot and the pattern fields, which causes 


Figure 8. Core driven beam of a slasher in the 
textile industry using Rototrol control for speed 
and tension 
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cal applications of this type of speed 


rf ’ ‘ “a vr 
the Rototrol to compensate the generator 
excitation to bring the motor speed back 
to the correct value. ) 
Operating results with this type of 
Rototrol speed regulator have been ex- 
cellent. Typical performance is shown 
by the graphic charts of Figure 6 showing 
speed regulation before and after applica- 
tion of the Rototrol regulator. The 
charts were taken on a 250-horsepower 
single-motor paper machine drive which 
was modernized by addition of the Roto- 
trol speed regulator. The performance 
was obtained without the use and com- 
plication of supplementary amplifiers 
and demonstrates the high amplification 
and speed of response of the Rototrol. 


Tension Regulator for 
Core Type Reels 


In the steel, textile, paper, and rubber 
industries there are a large number of 


- windup and unwind operations utilizing 


core type reels. A drive for such a reel 
must maintain constant tension in the 
strip and must change its speed continu- 
ally and smoothly as the roll builds up 
from a small core to a full roll. A num- 
ber of Rototrol controlled drives for this 
service have been applied. The Rototrol 
is used in conjunction with an adjustable- 
speed d-c motor which has a speed range 
by shunt field control equivalent to the 
ratio of the full roll diameter to the empty 
core diameter. 

Figures 7a and 7b show schematically 
the circuits for a constant tension reel 
drive. The reel motor is supplied with a 
voltage proportional to strip speed, either 
from the adjustable voltage generator 
serving the main drive or from an auxil- 
iary generator driven at machine speed. 
The Rototrol modifies the shunt field ex- 


ee 


Harris—Rototrol Regulators 


citation of the motor to compensate for ~ 


changes in roll diameter and to maintain 
uniform strip tension. This is accom- 
plished by maintaining the motor arma- 
ture current constant, and, as the supply 
voltage is uniform at any particular strip 
speed, the power output of the motor and — 
the tension in the strip will be sub- 


- stantially constant. 


In Figure 7a Rototrol pilot field 2 meas- 
ures the motor armature current and com- 
pares it with pattern field 1. Any net 
difference of these two fields will cause the 
Rototrol to change the excitation of motor 
field A to hold the armature current con- 
stant. Field B is the speed limit field and 
is adjusted to give a motor speed propor- 
tional to empty core diameter. The 
blocking rectifier situated in motor field A 
prevents reversal of this field in the event 
of a break or end of the material being 
reeled. Under these conditions the power 
formerly taken by sheet tension acts to 
accelerate the motor toward higher speed, 
and the Rototrol gradually will weaken 
field A until it is at zero excitation, at 
which time the blocking rectifier prevents 
reversal. With this scheme the equip- 
ment will accelerate to empty core speed 
when a break or end occurs. This is de- 
sirable when a new roll is to be started but 
is undesirable when rethreading is neces- 
sary. 

Figure 7b shows the equipment modi- 
fied to obtain a speed limit feature on 
strip breaks. Motor field B is the main 
field and is adjusted by a motor-operated 
rheostat. Field A receives its excitation 
from the Rototrol. As the roll builds up, 
field A is strengthened gradually, and the 
voltage across relay CR increases until 
the relay picks up. The relay contacts 
energize the motor-operated rheostat in 
such a direction as to strengthen field B. 
Simultaneously the Rototrol will decrease 
the excitation of field A in accordance 
with the regulator requirement of con- 
stant current in the motor armature cir- 
cuit. This action progresses until relay 
CR drops out and stops the motor-oper- 
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Figure 9. Schematic diagram of Rototrol volt- 
age regulator applied to an a-c generator 
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ated rheostat, and the cycle is restarted. 
A paper break under this condition will 
only speed the equipment up until field A 
is at zero excitation, as it cannot reverse 
because of the blocking rectifier. By 
proper relay selection this speed-up can 
be limited to between 10 and 20 per cent. 
Thus the roll is essentially at the proper 
speed, and rethreading is easily accom- 
plished. 

The strip tension is adjustable by 
means of a small manually operated rheo- 
stat located on the operator’s panel. 
These adjustments may be observed 
readily on the motor ammeter which 
serves as a relative indication of tension 
and permits duplication of results to ob- 
tain the most satisfactory roll for any 
given weight and grade of material. 

Essentially the same type of circuits 
are applied to unwind stands wherein the 
operation is reversed and the regenerative 
power fed back into the system. 

Figure 8 illustrates the application of 
Rototrol tension control to the core driven 
beam of a slasher in the textile industry. 
Constant tension on the thread compris- 
ing the beam results in uniform beam di- 
ameter, a reduction in yarn breakage, 
and fewer stops for changes and adjust- 
ments, since more yardage can be wound 
on the beam. The more important ad- 
vantages are increased efficiency in the 
subsequent weaving operation and im- 
proved quality of the finished cloth. 


Voltage Regulation 


A number of Rototrol exciters have 
been built for voltage regulation of a-c or 
d-c generators. Figure 9 illustrates the 
essential circuits of the regulator as ap- 
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Figure 10. Oscillograph showing performance 
of Rototrol voltage regulator on release of 70 
per cent power factor load on a-c generator 
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Figure 11 (above). 
Elementary diagram 
of Rototrol current 
regulator applied to 
a large tire testing 
machine 


Figure 12. Tire test- 

ing machine using 

Rototrol acceleration 
control 
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plied to an a-c generator. The generator 
voltage is measured through a trans- 
former and dry type rectifier and bucked , 
against the rectified voltage of the con- 
stant voltage transformer. The differ- 
ence controls the Rototrol excitation 
through field 1 to restore normal generator 
voltage. To obtain a high degree of sta- 
bility, a damping transformer is used in 
the control field circuit. Where use of an 
a-c supply for the constant voltage trans- 
former is not advisable, static ‘‘inter- 
secting impedance” networks have been 
applied. 

To obtain high rates of response both 
parallel and series self-energizing fields 
are used. The circuit is tuned by adjust- 
ment of the resistor in field 2, so that 
fields 2 and 3 sustain the Rototrol output 
at any point on the straight portion of 
the saturation curve. This arrangement 
takes advantage of the almost instan- 
taneous transient change in generator field 
current and provides extremely fast re- 
sponse of the Rototrol exciter. 

Typical performance is shown by the 
oscillograph of Figure 10 which was taken 
during the sudden release of full load at 
70 per cent power factor on a 150-kva 
3-phase 60-cycle 2,400-volt generator con- 
trolled by a Rototrol voltage regulator. 
The voltage was returned to normal in 
1/4 of a second with very little over- 
swing. The oscillograph demonstrates 
excellent stability as well as very high 
speed of response of the Rototrol ex- 
citer. 
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High Inertia Loads 


The Rototrol has ean applied to many 
problems concerning acceleration and re- 
tardation of high inertia loads. For such 


- problems it is desirable to accelerate at 
uniform torque from minimum to maxi- 
_mum speed, to reduce the current peaks: 
and mechanical shock experienced with 
step type controllers, and to eliminate 


many of the relays and contactors asso- 


- ciated with conventional magnetic con- 
= trol. 


The Rototrol is able to perform 
these various requirements with a sur- 
prising simplicity of the control circuits. 
Typical applications are bomb spinners, 
centrifugal casting machines, balanc- 
ing machines, tire testing machines, 
and large mine hoists. 

Figure 11 shows schematically the cir- 
cuits of a Rototrol exciter as applied to a 
large tire testing machine drive. The ma- 
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Figure 13. Simplified diagram of feed drive 

for large boring mill using a Rototrol in com- 

bination with an electronic discriminating 
amplifier 


chine consists of a flywheel which is 
accelerated to various speeds and then 
stopped by bringing the tire into contact 
with it. The huge flywheel has a WR? of 
10,000,000 pound feet squared and re- 
quires an accelerating torque equivalent 
to 400 horsepower at 350 rpm to reach 
maximum speed in 30 minutes. The 
Rototrol is arranged to control the arma- 
ture current and thus the torque of the 
separately excited drive motor. As the 
system gradually speeds up, the Rototrol 
increases the generator voltage to main- 
tain uniform accelerating torque. The 
control is arranged to provide regenera- 
tive braking to standstill by simply re- 
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versing the pattern field 1 when such 


operation is necessary. 

After the system is up to speed and the 
motor and generator disconnected, the 
generator voltageismatchedautomatically 
to the motor counterelectromotive force. 
This is desirable so that the circuits may 
be reclosed at any time for retardation or 
further acceleration. This function is 
accomplished by connecting Rototrol 
field 3 across the main circuit contactor 
M and de-energizing pattern field 1 when 
M is open. Any voltage difference will 
cause cttrrent to flow in field 3, which 
modifies the Rototrol and generator volt- 
ages to reduce the difference. 


Helper Drive 
Torque Control 


The circuit of Figure 11 with omission 
of field 3 has been used rather widely asa 
driving effort or torque regulator for 
helper drives operated in conjunction 
with a main drive. The system is appli- 
cable to either mechanically or electri- 
cally driven machines. Typical applica- 
tions are the various auxiliary drives for 
the wet ends of paper machines and top 
roll drives for press rolls which are used 
in many industries. This arrangement 
assures constant helper motor torque 
over a wide speed range, regardless of 
speed variation of the main drive or 
changes in effective roll diameter due to 
change in nip pressure on soft rolls. Often 
a number of motors are served by a com- 
mon generator. Here the total driving 
effort of the motors is determined by the 
Rototrol with the division of load secured 
by individual motor shunt field rheostats. 


Speed Matching 


Electronics often is used in combina- 
tion with the Rototrol to solve difficult 
drive problems. An interesting applica- 
tion is the feed drive for a large vertical 
boring mill. The Rototrol is used with an 
electronic discriminating amplifier, and 
the circuits are arranged to provide 
either speed matching of the feed motion 
to the main table drive or straight speed 
control of the feed. 

The elementary circuits are shown in 
Figure 14. For matching the speed of the 
feed screw motor to the speed of the 
table, small synchro units are driven from 
the feed screw motor and from the table 
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drive. Angular displacement between 
the synchros will cause an error voltage 

which is fed into the electronic discrimi- 

nating amplifier. The amplifier senses the 

direction of the error and changes the cur- _ 
rent through the Rototrol control fields 
to modify feed screw motor speed to re- 
duce this angular difference. The system 
accurately matches the relative speeds 
of the feed and table over the complete 
range of table speed. Adjustment of rela- 
tive speeds is obtained by the adjustable 
ratio transmission between the table and 
the synchro unit. 

It is also desirable to operate the feed 
motor on straight speed control capable 
of adjustment over a wide range and with 
good speed regulation at all speeds. The 
discriminating amplifier is designed for 
this function and provided with a transfer 
switch to effect changeover. The motor 
counterelectromotive force is measured 
by means of armature current and volt- 
age and balanced against a standard 
voltage in the discriminating amplifier. 
The difference controls the Rototrol ex- 
citation to maintain the proper motor 
speed. 

This type of drive simplifies the me- 
chanical parts of the machine by elimi- 
nating the many gear changes and the 
mechanical connection from the table to 
the feed screw on the rail. The large 
number of feed speeds, readily available, 
facilitates machine adjustment and re- 
sults in increased production. 


Conclusion 


The large number of Rototrol applica- 
tions have proved it to be an excellent 
and versatile regulator for industrial serv- 
ice. Operating experience has shown 
that it can be understood by nontechnical 
maintenance personnel, that its inherent 
reliability and stability assure trouble 
free operation with relatively little main- 
tenance, and that it combines the neces- 
sary degrees of amplification and speed of 
response to meet the requirements of in- 
dustrial problems. Existing applications 
cover a wide field, and the future holds 
considerable promise of broader utiliza- 
tion. 
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Testing Techniques 
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HIS PAPER is written to encourage 

thinking and development on the sub- 
ject of thermal-demand-meter testing pro- 
cedures with specific reference to the de- 
velopment of shorter testing techniques. 
Conventional test methods in the past 
have involved relatively long periods of 
load holding to bring the meters under 
test to thermal equilibrium for the cali- 
bration check and adjustment. With the 
increasing use of thermal meters it is.de- 
sirable to use some testing method which 
more nearly resembles tests on watt-hour 
meters. This paper outlines three general 
methods for shortening the test time and 
leaves to the reader the choice of the 
method, or modification of it, best suited 
to his requirements. 

The principal problem in thermal-de- 
mand-meter testing is to determine the 
ultimate or final indication of the meter 
on constant load at thermal equilibrium. 
The response characteristic of the par- 
ticular meter being tested will influence 
the available techniques for obtaining this 
information in short periods of time. This 
discussion is limited to meters having a 
simple logarithmic response, such as the 
meter shown in Figure 1, the character- 
istics of which have been covered in a 
previous article! Appendix A gives an 
arbitrary definition and a mathematical 
description of this characteristic, and Ap- 
pendix B demonstrates its importance in 
facilitating the establishment of a simple 
and sound short test method. 

At the present time it is customary to 
return thermal demand meters to the 
laboratory for checking and calibration. 
The following or a similar step-by-step 
procedure usually is followed: 


1. Connect meters in gangs, and apply po- 
tential to each for 2 to 24 hours. 


2. Check the zero reading, and adjust if 
necessary. 


3. Apply load to be checked, and hold con- 
stant for 45 minutes. 


4. Check the meter indication against the 
load held, and adjust if necessary. 


Paper 46-69, recommended by the AIEE committee 
on instruments and measurements and presented 
at the AIEE winter convention, New York, N. Y., 
January 21-25, 1946. Manuscript submitted No- 
vember 23, 1945; made available for printing De- 
cember 14, 1945, 


E. E. Lyncn and M. E. Dovuevass are with the 
General Electric Company, Lynn, Mass. 
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A short test method for checking 
thermal meters should be a distinct ad- 
vantage to electric power companies, par- 
ticularly as a means of checking the ac- 
curacy of these meters on the customers’ 
premises in relatively short rr of 
time. 

For a meter possessing the simple 
logarithmic response characteristic, men- 
tioned previously, three general types of 
short test methods have been suggested 
and evaluated. Though other methods 
and modifications may be developed, par- 
ticularly for meters having other than a 
simple logarithmic response, the three 
general types described herein provide an 
opportunity for large reductions in the 
testing time or man-hours for meters 
having this characteristic. The following 
terms have been coined to identify these 
three methods: 


(a). ‘‘Two point method.” 
(6b). “Double load method.” 
(c). ‘Thermal standard method.” 


The two point method is adaptable to 
testing on customers’ premises. A graph 
or tabulation can be used to simplify the 
procedure. The double load method in 
one form is best adapted to testing single 
meters, whereas another form is more 
suitable for gang testing in the laboratory. 
The thermal standard method is usable on 
either gang or individual testing and is 
useful in its man-hour saving, although 
the elapsed time of test may not be short- 
ened materially. 


The Two Point Method 


As the name denotes, the two point 
method involves obtaining sufficient read- 
ings of the meter indication at known 
intervals of time to predict the ultimate 
indication. The method is based on the 
solution of simultaneous equations, de- 
rived from equation 2 in Appendix A. 


D=W(1-e-™) 

where 

D = instantaneous deflection 
W = ultimate deflection 

t = time 

k = a constant 

6 272 
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and a stop watch. Since there a 


namely k and W, when t] 
and ¢ are determined 
readings of the meter 


unknowns: in the ane two sets 


icende To substitite ne ee into the 
equation and perform the solution would 
be needlessly laborious for the meter 
tester, as the solution can be set up in the 
form of a graph. Two variations of the 
test are possible. In one, the pointer 
readings at two given times after consta 
test load application are used to indicate 
the ultimate reading. In the other, the 
time intervals that are required after con- 
stant load application for the meter to— 
indicate two different scale points are 
used to compute the ultimate meter read- © 
ing. Each of the two point methods is 
adapted to checking only one meter at a 
time, and is suitable for checking the cali- 
bration only, since at the end of the test 
period the meter reading still is increas- 
ing, and an adjustment under these con- — 
ditions would be difficult at best. The © 
methods have the advantage that the - 
maximum demand pointer rather than 
the indicating pointer can be used for 
the check. 
To describe briefly a step-by-step pro- 

cedure to check a meter according to the 
first variation of the two point method, 
the following list is given: 

1. Reverse potential with a load applied 
until indicating pointer reads zero. 


2. Start stop watch and simultaneously 
apply a known load and hold constant. 


3. At3 minutes (or any other suitable time 
depending on the charts set up) after the 
load is applied, read the meter indication. 
Continue holding load. 


Figure 1. 


Thermal watt demand meter having 
a simple logarithmic response characteristic 
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q Figure 2. Chart to determine ultimate deflec- 
tion when indication is read after a given time 
4 

: 


4. At 15 minutes (or any other suitable 
time depending on the charts set up) after 
4 load is applied, read the meter indication. 


5. Check the charts (Figure 2) to find the 
_ ultimate indication of the meter—compare 
this with what the ultimate indication should 
; be from the load held. 


_ The step-by-step procedure for using 
the second variation of the two point 

_ method is similar to the first, except that 
two stop watches are started simultane- 

- ously with the application of load in step 
2, and one is stopped as the pointer reaches 
a predetermined point (37 per cent of the 
load applied); the other is stopped when 
the pointer reaches another predetermined 
point (90 per cent of the load applied). 
From the stop watch readings the ulti- 
mate deflection is determined from a chart 
(see Figure 3). 


The Double Load Method 


The double load method, as the name 
indicates, requires the application of 
double load to the meter under test for an 
interval of time, followed by a short period 
of holding the test load. Two variations 
in the general method are apparent: first, 
the double load may be held for a specified 
length of time; or second, the double 
load may be held until a definite indication 
on the meter is attained. An outline 
of step-by-step procedure for the first fol- 
lows: 


1. Reverse potential until meter reads zero 
indication. (Gang test metets will read zero 
at end of potential preheat.) 


2. Apply double load for a specified time. 


8. Cut load to test load, and hold con- 
stant for a specified time. 


4. Read meter and compare it with the 
load value being held. 


5. Make any adjustment necessary in the 
meter. 


This procedure is adapted to gang test- 
ing of meters if desired, and the meter 


Marcu 1946, VoLUME 65 


TIME OF 90% READING - MINUTES 


Figure 3. Chart to determine ultimate deflec- 
tion when time is read for a given indication 


may be adjusted at the end of the test. 
The indicating pointer must be used dur- 


ing the test rather than the maximum de- - 


mand pointer, as the indication at the 
end of the test may be lower than at the 
end of the double load period. 

A step-by-step procedure for the sec- 
ond double load variation follows the first, 
except that the meter need not neces- 
sarily read zero at the start of the double 
load period, and the load should be re- 
duced to the test load as soon as the meter 
reads the test load. Obviously this pro- 
cedure is suitable for testing only one 
meter at atime. It does allow adjustment 
of the meterat the completion of thecheck. 


The Thermal Standard Method 


The thermal standard method requires 
the use of an accurately calibrated thermal 
meter of approximately the same response 
characteristics as» the meter under test. 
Two variations of this method suggest 
themselves. The first is actually a com- 
bination of the double load and test 
standard methods. The second, which 
does not involve applying double load, 
conserves man-hours but does not reduce 
testing time appreciably. 

Both variations of the thermal stand- 
ard method are suitable for either single- 
meter or gang testing. Adjustments can 
be made on the meters at the conclusion 
of the test, since the test meters are at 
thermal equilibrium. The indicating 
pointer must be used rather than the 
maximum demand pointer, since load 
variation may cause a downward pointer 
movement during the test. The use of the 
accurately calibrated thermal meter as a 
standard eliminates the necessity for pre- 
cise load holding, although reasonable 
limits must be maintained, so that dif- 
ferences in the response time of the test 
meter and the standard do not introduce 
errors. 
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The sequence of operations for the pro- 
cedure using double load is as follows: 


1. Reverse potential on test meter, and 
bring reading to zero. 


2. Connect standard and test meter to 
same load. 


8. Apply double load to both meters until 
the standard one indicates the value of the 
test load. 


4. Drop to the test load and hold approxi- 
mately correct load for a specified time. 


5. Compare the reading of the standard 
meter under test. 


The second procedure is simply to con- 
nect the accurate, standard meter and 
the meter under test to the same load 
and leave them for three or more demand 
intervals,” for example, 45 minutes for a 
meter used on 15-minute demand interval 
service. At the end of that time the 
deviation of the reading of the meter 
under test from the standard meter indi- 
cates the error of the meter under test. 

In the descriptions of the various meth- 
ods given, only a single point check of the 
meter has been considered. If the zero 
position of the indicating pointer is not 
correctly set on the scale zero, errors at 
points other than the one checked will be 
present. With a meter that does not over- 
shoot on transient load, the following 
step-by-step procedure is suggested for 
checking the zero when desired: 


1. Reverse potential, and apply load until 
indicating pointer reads zero. 


2. Remove load, and reconnect potential. 


8. With potential applied wait for one de- 
mand interval, and note the indication of 
the pointer. If no appreciable change has 
taken place, the meter is very close to cor- 
rect zero. Any change that has taken place 
represents 90 per cent of the total deviation 
from zero at thermal equilibrium, and an 
adjustment can be made on this basis. 


In connection with this brief descrip- 
tion of some possible methods of shorten- 
ing the test time a comparison of the 
accuracy of the various methods is given 
in Table I. The three test methods are 
listed across the top of the table, and the 
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Although actual test data are 


realized on some thermal meters using 
direct (or internally) heated bimetallic 


Spirals. 
limited, nevertheless it indicates that short 


test methods are practicable when the 
greatest accuracy is not required. 


characteristic that will not overshoot on 
transient load. This characteristic 
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Appendix A. The Meaning of a 


In this appendix an arbi- 


Simple Logarithmic Average 
The simple logarithmic average is men- 
tioned a number of times in the main por- 
tion of the paper. 
trary definition of it will be given, and it will 
be expressed in mathematical symbols. 
An understanding of the simple logarith- 
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mic average is obtained best by comparing 


it with the arithmetic average. In demand 

metering both averages are used, and each 
_ has been found satisfactory for assisting in 
a obtaining information necessary for billing. 
Be In considering an average of watts such as 
a curve a in Figure 4, the arithmetic average 

at time T2 can be expressed by 1/(72—T1) X 


T2 
4 ( i, wit) where w=f(f) and represents the 
. nT 
: 


_ watts and where 7; and 7? are the begin- 
3 ning and end of the time interval concerned. 
If the time interval is extremely short, T> 
3 “nearly equals 7;, and the arithmetic aver- 
- age approximates the instantaneous value. 
If the time interval is extremely long, all 
past watt values are given equal importance. 
Because in many cases neither of these 
_ arithmetic averages gives exactly what is 
- wanted for demand purposes, the average 
over a given period of time, such as 15 min- 
utes, often is used. Most mechanical de- 
mand meters indicating this sort of average 
do not do so continuously but do their inte- 
grating continually over definite intervals, 
so that changed readings are available only 
at the end of definite time intervals. 
Thermal meters indicating a logarithmic 
average are expected to do so continuously. 
Thesimplelogarithmicaverage of the watts 
curve will be considered as the area under a 
weighted curve (d in Figure 4), which is 
made up of the product of all points a (on 
the watts curve) multiplied by correspond- 
ing points on a weighting curve c. The 
weighting curve follows the simple logarith- 
mic form e~*(T2—. where T> is the time 
at which the average is expressed and ¢ is 
the time at which the watts werea. Mathe- 
matically it is expressed: 


The ssi logarithmic average, 


"yy (@]e-M™— 9 Jat 


—-@a 


BG 


The eee ants factor K, is chosen 
such that for any constant load W the 
logarithmic average is numerically equal to 
the load W. It is therefore equal to the 
arithmetic average which is also W. 

That is, 


T2 
We-*(t2— 0) x 


D For constant load) = Ky 
dt=W 


This equation is satisfied only if Ki=k. 
Therefore 


Weak WE WON Cea |de (1) 
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"Figure (left). Curve 
‘used to illustrate a 
definition of loga- 


rithmic average I 
Figure 5 (right). 5 
Curves showing over- Vy 


shooting and dip- 

ping characteristics 

of typical thermal 
meters 


For constant load applied from zero indica- ~ 


tion this reduces to: 
D,=Wi—e™) (2) 


The choice of weighting curve determines 
the response characteristic of the meter, 
and for simple logarithmic weighting curves 
the value of & in the expression e~*(72— )con- 
trols the relative effect of recent and remote 
loads. Figure 4 shows two weighting curves, 
curve c has k equal to 0.1535 corresponding 
to a 15-minute meter interval, while curve 
b has k equal to 0.0384 corresponding to a 
60-minute meter interval. 

The simple logarithmic average then is 
simply a value proportional to the arithmetic 
average of the weighted curve that is ob- 
tained when the watts curve is multiplied 
by a simple logarithmic weighting curve. 

It has been shown previously! that, al- 
though the theoretical weighting curve of 
thermal watt demand meters is of the nature 
of a simple exponential curve, nevertheless 
the characteristics of many commercial 
meters differ appreciably from this ideal. 
However, it also has been shown that an 
internally heated bimetal type of meter as 
built does have this form of response, and it 
will be shown in Appendix B that such a 
meter will neither overshoot nor undershoot, 
nor will it have an indication dipping char- 
acteristic. 


Appendix B. Why Simple 
Logarithmic Average Thermal 
Demand Meters Will Not 


Overshoot 


In this paper it is disclosed that meters 
with certain response characteristics are well 
adapted to short testing methods. Meters 
having these characteristics measure a 
simple logarithmic average and, since they 
respond in this manner, they will neither 
overshoot nor dip. The proof ofthis will 
follow, but first it is necessary to under- 
stand what is meant by overshoot and dip. 


Overshoot and Dip 


If the pointer of a thermal meter is mov- 
ing upscale owing to a relatively high load, 
and the load is reduced suddenly to a value 
close to the indication of the meter, a tem- 
porary dipping of the pointer below the in- 
stantaneous load is called dipping. If it 
continues temporarily to increase above the 
instantaneous load, it is said to overshoot. 
Neither condition is especially desirable 
when testing meters by a short method, but 
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each characteristic can and does occur in 
some commercial thermal meters. 


Proof That Simple Logarithmic Meters 
Will Not Overshoot 


In order to prove that some meters can- 
not overshoot, a time will be taken (7; in 
Figure 4) at which the indication is a given 
value W. It then will be shown that, if a 
constant load W is held from this time on for 
some definite time interval (AT), the indica- 
tion of the meter will not be changed. Since 
AT is chosen arbitrarily, it may be as long 
or as short as desired and even may be an 
an infinitesimally short time dé. Since the 
indication of the meter does not change for 
any of these conditions, it will have been 
proved that there is no tendency to over- 
shoot, undershoot, or dip. The meter in- 
volved is assumed to measure a simple 
logarithmic average demand. 

At the time 7; the indication has arrived 
at a value W by any means whatever in its 
past history. 


Indication at T3;=k J “YwIX 
[e~K(73—D |de=W (3) 


At some later time (7,) the indication is by 
definition: 


T4 
Indication at T,=k sf If@1x 
[e~*( ts — 2) ]dt (4) 


This indication (at T,) can be separated into 


Ts T% 
the integrals + as follows, since 
—ca T3 


the load is constant from T; to T,. 


Ts 
Indication at T,=k ih Lf) 1x 


vA 
jetewar— oar ff “We-k(n— Dat (5) 
T? 


Since e~ FAT is a constant for a particular 
value of (AT) and since e~*7* is a constant 
for a particular value of 7T., they can be 
taken outside the first and second integrals 
respectively. 


Indication at T,=[e-*47]X 


E fhe Hoek | 
act Ts 
ave#m| i o“at| (6) 
T3 


From equation 3 and a solution of the 
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Co-ordinated Electric Drive for a 


Rubber Calender Train 


K. W. JOHN 


MEMBER AIEE 


Synopsis: The continuous process of coat- 
ing fabrics with rubber, such as jis used in 
tire manufacturing, involves several indi- 
vidual machines that present operating prob- 
lems not met successfully by mechanical 
drives. A new co-ordinated electric drive 
has been developed which does meet these 
requirements using amplidyne, and also 
electronic, control. It is expected that qual- 
ity and production will be improved by this 
equipment. The means employed may be 
applied successfully to other industries. 


N THE MANUFACTURE of many 

rubber goods, textile fabrics are 
coated on both sides with rubber in a 
machine called a calender. Associated 
with the calender are atxiliary devices 
for handling the fabric before and after 
’ coating, making up a processing train. 

Tire fabrics are one of the most im- 
portant examples of this process in the 
rubber industry! and their production 
in a calender train, using a newly de- 
veloped electric drive, will be discussed 
in this paper. The complete equipment 
now is installed in the Detroit, Mich., 
plant of the United States Rubber Com- 
pany and parts of it are shown in Figures 
land 2. 

The calender itself, the train auxiliaries, 
and all of the electric equipment were 
manufactured from designs which were 
co-ordinated closely by the operating 
company, the machinery builders, and 
the electrical manufacturer. The im- 
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portance of this procedure will be appre- 
ciated readily from the operating re- 
quirements. 


Description of Process 


A schematic diagram showing the 
mechanical arrangement of the process- 
ing train is shown in Figure 3. 

Rolls of fabric are started at one of the 
entry letoffs. A maximum diameter of 
42 inches can be accommodated. The 
fabric widths vary up to 60 inches. 

The entry festoon forms a storage re- 
serve of 80 feet of fabric so that the letoff 
can be stopped for changing rolls without 
shutting down the calender. The alter- 
nate letoff positions are provided to save 
time during this operation. 

After drying, the fabric enters the 
calender rolls as shown. These rolls are 
32 inches in diameter and 70 inches wide. 
Rubber from the top bank coats the 
upper side of the fabric, while that from 
the lower bank coats the under side. 

The thickness or ‘‘gauge”’ of the rubber 
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second integral with respect to ft: 


Indication at T, 
= [e~FAT][W]+ [kWe-F™*|x 


= [e*47][W]+ [We *"4] x 
[are 
=[e*47][W]+[W][1—e M79) | 
= We "4? 4+. W— We *? 
(since 74— 


eT 374 


= AT) 
= W (7) 


Thus the indication at T, is the same as 
that at T; (no matter what the time interval 
between 7; and 7), and therefore there has 
been no tendency to overshoot, undershoot, 
or dip. 

Since the foregoing is based only on the 
indication of a meter whose response meets 
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this definition of a simple logarithmic aver- 
age, it is to be expected that some meters 
whose response differs from this average can 
overshoot or undershoot, or may have a 
tendency to dip. That this is true is shown 
in Figure 5, where A shows the response of 
three designs of commercial meters with 
different response characteristics when sub- 
jected to a constant load, starting from zero. 


Figure 5B shows the response of these 
same meters when double load is applied 
until the pointers reach a given indication 
and then the load is changed to a constant 
load which ultimately will give this same 
indication. The loads are changed on the 
3 meters at different times, since they arrive 
at the given indication at different times. 
All meters are correctly calibrated. The 
potential is reversed, and the meters run to 
zero. As each meter reaches zero its po- 
tential is returned to normal and its current 
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rolls and also, to. 
speed. Gauge is very 
a coating which is 1 
inferior tire and therefore mus 


ied) epee pris ne und is 


being wasted. 
While constant roll speed would 


some favorable influence on gauge, there 


is another consideration for it which is 
even more important. To obtain maxi- 


flow. If no means are provided for 
holding the calender speed at that maxi- 


mum production, the calender rolls should : 
run continuously at the maximum speed 
which certain processing limitations al-— 
low. This speed depends on the type of 
compound and fabric, and usually is 
established by considerations of plastic — 


; 


mum value, the average speed at the end 
of a day may be somewhat less. Even — 
if this is only a small amount, a surprising — 


amount of production can be lost. 


The delivery festoon provides 64 feet © 


% 
’ 


of space for storing fabric when changing © 
rolls at the windup. Finished rolls are © 
wound on one of the fabric windups. — 
The maximum diameter, as in the case — 


of the letoff roll, is 42 inches. 
windup positions also are provided here. 


Alternate © 


To keep layers of stock from sticking — 


together, a separator or ‘“‘liner’’ also is 
wound on the roll. This is supplied from 
a separate liner letoff for each fabric 
windup. Sometimes coated fabrics are 
run through the calender train a second 
time. For this purpose, liner windups 
also are provided at the entry letoffs. 


Operating Requirements 


The operating speed range of the train 
is from 7 to 70 yards per minute. A sepa- 


reduced to zero. It can be seen that both 
meters 2 and 3 overshoot or undershoot con- 
siderably or have the characteristic of indi- 
cation dipping. 

When, therefore, it is desirable to elim- 
inate overshooting or undershooting indica- 
tion in order to save time during short tests 
or for any other reason, a meter whose re- 
sponse follows the simple logarithmic aver- 
age should be chosen. It will neither over- 
shoot nor undershoot, nor will it have the 
indication dipping characteristic. 
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minute also is provided for meat 
the fabric initially. 
The calender itself should Be ae to 
operate over the speed range, independent 
of its train auxiliaries, for “warming up” 
operations when first starting. It also 
should be capable of reversing, with and 
without the central auxiliaries. 
_ Jogging operation, forward or reverse, 
is required for all of the windups and let- 
Offs. This is used either when starting 
or finishing up a roll that is not in train 
operation. 
4 Emergency Bonnisan is provided for 
the complete train from a number of con- 
trol positions located throughout its 
ens This is an important requirement 
for the safety of operating personnel. 
4 There is a national code which specifies 
_ certain stopping performance that must 
be met. 
2 In addition to the foregoing aie 
: requirements, it is very desirable to 
maintain the tensions in the fabric, on 
either side of the calender, at constant 
values. These tensions are such that 
_ those before the calender exert a drag on 
it, while those after the calender are in 
the pull direction. The calender rolls, 
then, driven at constant speed, provide 
the necessary reactions for these tensions 
as a reference point. The benefits of 
constant tension to each part of the train 
have been tabulated at the bottom of 
Figure 3. 


Past Practice, Mechanical Drive 


In the past, calender trains have been 
driven by a single motor connected to the 
calender through a gear reducer. At 
some spot on the calender a mechanical 
takeoff was provided to drive a line shaft 


Figure 1. Calender and driving motor 
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_ through gearing. The line shaft usually 
extended the length of the train and the — 


auxiliaries were driven from it through 
right-angle gears, chaindrives, andsoforth. 
Naturally, the electric drive with 
proper control equipment could be made 
to fulfill the operating requirements for 
the calender itself, but mechanically 
driven auxiliaries fall short of the mark. 
To adjust tension, friction clutches 


and adjustable speed transmissions have | 


been employed. These devices are not 


self-regulating and the operators must 


readjust them frequently. This is not 
practicable and, as a result, optimum 
adjustments seldom are obtained and 
production may suffer. 

Furthermore, if good adjustments of 
tension have been made, there is no 
means for holding them there, nor can 
they be measured for future reproduction 
on other runs. There is another dis- 
advantage in that maintenance is quite 
high on the friction clutches and the other 
mechanical component parts. 


Electric Sectionalized Drive 


With the electric drive, the entire train 
is sectionalized so that each auxiliary 
which ordinarily would have a mechanical 
drive is provided with its own motor. 
Co-ordinated control takes the place of 
the line shaft tie and, in addition, pro- 
vides the proper tensions and speeds. 
Furthermore, once optimum adjustments 
have been established, the control holds 
them there. Electric instruments make 
it possible to take measurements and 
record the adjustments. Thus, if that 
same run is to be repeated in the future, 
the best operating conditions can be ob- 
tained very quickly. 

The various pushbuttons and rheostat 
dials which are used for the adjustments 
are located remotely from the driven 
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auxiliaries, in convenient groups. Each 
group consists of several interdependent 


and related adjustments, thus providing 


maximum convenience to the operator 
and also a more favorable opportunity to 
make correlated adjustments correctly. 


Circuits 
POWER CIRCUITS 


The general arrangement of the power 
circuits for the various drives is shown 1 in 
Figure 3. 

The main drive for the calender is of 
the adjustable voltage (Ward-Leonard) 
type, providing ten to one speed range, 
of which five to one is by armature 
voltage control and two to one by motor 
field control. 

The adjustable voltage scheme was 
selected because of the wide operating 
speed range and the advantage of being 
able to control the speed of the motor by 
adjusting its armature voltage. Further- 
more, as has been pointed out by Cas- 
sidy and Mosteller,! the first cost is less. 

The motor field range is used because 
at low operating speeds (below basic 
speed), substantially more than constant 
torque may be required by the calender. 

The group of drives which is called the 
“central auxiliaries” always operates at 
the speed of the calender. They are not 
supplied, however, from the calender 
generator. This is done primarily for , 
reasons of simplicity. For example, the © 
auxiliary motors themselves are much 
smaller than the calender motor so that 


their JR drops are considerably higher. 


Thus, at one-tenth speed the terminal 
voltage that they require would be sub- 


Figure 2. Calender motor-generator set and 
d-c control panels 


One of the auxiliary motor-generator sets is « 
: in the background 
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The Benefits of Constant Tension 


maintaining gauge 


Cementer Pull Rolls 


distribution of cement 


liner in later operations 


stantially more than what would be 
available from the main generator and a 
booster would have to be used to over- 
come this. 

The power circuits for both the entry 
auxiliaries and the delivery auxiliaries are 
treated in the same manner. In either 
group the individual drives always oper- 
ate together. They must be separated 
from the central auxiliaries and the 
calender because of the roll-changing 
requirements. They are stopped for roll 
changes while the calender is running, 
restarted, and then temporarily over- 
speeded to restore the amount of stock 
in the festoons to normal. 
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ELECTRONIC PREAMPLIFIER 


CALENDER CONTROL | 

A simplified schematic diagram of the 
calender control circuit is shown in 
Figure 4. The electronic preamplifier 
makes use of vacuum tubes to provide 
excitation to the amplidyne that controls 
the generator field. This combination 
provides very accurate control of speed, 
preset speed, and what ‘may be termed 
“timed acceleration.”’ 

So-called “timed acceleration”’ is simply 
a means for obtaining the kind of opera- 
tion a motor-operated generator field 
rheostat furnishes but with more flexi- 
bility. It consists of a resistor—capacitor 
circuit in the electronic preamplifier 


Figure 4 (left). Cal- 
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arranged so that as the capacitor charges, 
the speed of the calender motor acceler- 
ates with it and as the capacitor dis 
charges, the calender motor decelerates. 
The range of time provided is from 15 t 
100 seconds and is readily adjustable by 
changing the amount of resistance. 
These time values represent total time 
from zero speed to the top speed of 70 
yards per minute, or from the top speed 
down to zero speed. For speed changes 
of smaller value, such as_ threading 
speed to top speed, the time is propor- 
tionally less. . 
The timed acceleration circuit repre- 
sents a very important operating feature 
in calender control as too rapid accelera- 
tion is quite undesirable. The auxiliaries 
associated with the calender train must 
follow whatever speed changes occur on 


CENTRAL 
AUXILIARIES 
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the calender itself. If these changes are 
tapid, excessive changes in tension are 
produced. Furthermore, the calender 


changes of speed to hold gauge. o, 
In effect, this circuit provides an in- 
finite number of speed points so that 
a cceleration and deceleration are both 
very smooth. 

_ The control also furnishes means for 
Geniting both motoring and regenerative 
BD crents to values required either from 
the standpoint of performance or com- 


~~ ° oye : 
‘Mutation. Under conditions of accelera- 


tion or normal deceleration, current limit 
is not necessary because of the timing cir- 
cuit. %It is provided only as a safety 
means. However, to meet the require- 


FABRIC LETOFF MOTOR 


BOOSTER (BRAKING GENERATOR) 


CURRENT 
SIGNAL 


EXCITER BUS 


BOOSTER 
FIELD 


ments of fast emergency stopping, re- 
generative current limit is an extremely 
important function. 

When the stop button is pushed, the 
amplidyne exciting the generator is con- 
nected in a “‘suicide’’ circuit so that the 
generator voltage collapses rapidly. As 
the regenerative current from the motor 
to the generator reaches a value of ap- 
proximately 200 per cent, the current 
limit circuit prevents the generator volt- 
age from decaying at a rate faster than 
the decrease of the motor internal volt- 
age with deceleration. 

The regenerative current is held at the 
200 per cent limit until the internal volt- 
age of the motor, at about 5 per cent 
speed, no longer is able to overcome the 
[R drop of the armature loop circuit. 

When stopping, full field is established 
in the motor as rapidly as possible. This 
is done to obtain maximum torque per 
ampere and a high rate of deceleration. 
The inductive lag of the motor field, which 
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resists this change, is reduced materially 


_ by reversing the’ output of the bucking 


exciter and applying approximately twice 
normal voltage across the motor field. 
Stopping performance is considerably 
better than that obtained by dynamic 
braking in conventional equipment oper- 
ating from a constant potential d-c 
source. In contrast to a braking current 
of 200 per cent obtained by the ampli- 
dyne control with regenerative braking, 
the average current using dynamic brak- 
ing is usually 30 or 40 per cent, with an 


initial peak of 200 per cent. 


CONTROL FOR CENTRAL AUXILIARIES 


In this group of auxiliaries, the motors 
on the post-tension rolls and the cementer 
pull rolls operate conventionally as mo- 
tors, but the motor on the precalender 
drying drums operates as a braking gen- 
erator. 


The central auxiliaries generator is con- ° 


trolled by an amplidyne exciter, as shown 


656-6 


110 VOLTS - Figure 6. Control 
ALTERNATING- noah 3 
CURRENT circuit for the fabric 


letoff motor and 
booster 


in Figure 5. The control is arranged so 
that the voltage output of the generator is 


- proportional to the speed of the calender 


motor, plus a fixed value for what we may 
call JR compensation. The speed-voltage 
component is established by taking a sig- 
nal from the pilot generator on the calen- 
der motor. The motors on both the post- 
tension rolls and the cementer have sub- 
stantially the same JR drop and the fixed 
voltage introduced for JR compensation 
is made equal to it. Hence, at any speed 
of the calender itself, the voltage avail- 
able for these two motors will be very 
nearly equal to what they require for 
counterelectromotive force and full load 
current. 

Each of the three motors has an ampli- 
dyne exciter. For the two machines 
which actually are motoring, the ampli- 
dyne control is arranged to hold constant 
armature current. Hence, at the voltage 
established by the speed of the fabric, 
constant current is equivalent to constant 
horsepower input to the motors. Neglect- 
ing their internal losses, this is sub- 
stantially constant horsepower output, or 
constant torque at any given speed. As 
the friction torque required by these aux- 
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iliaries is low and does not change much, 
most of the motor output goes into ten- 
sion, and this will be substantially con- 
stant. } 

As the speed of the fabric is changed, 


the voltage level is readjusted proportion- 


ately. The horsepower input to the mo- 
tors therefore is changed accordingly, and 
with armature current unchanged, con- 
stant tension is maintained over the 
speed range. - 

The amplidyne control for the drying 
drums motor operates in a somewhat dif- 
ferent manner. Since it isregenerating, its 
internal voltage not only must be suffi- 
cient to overcome its internal JR drop, 
but also the JR compensation voltage, 
which is a component of the generator 
voltage. This is done easily at top speeds 
where a very small increase in flux pro- 
vides a large increase in internal voltage. 
However, at one-tenth speed, the flux 
must be increased substantially. The 
flux variation from top speed to bottom 
speed is about two to one. 

For constant tension, it is necessary to 
hold a constant torque output from this 
machine at any speed within the operat- 
ing range. Thus, as the flux is increased, 
the regenerative current must be reduced. 
The amplidyne control is arranged to do 
just that. At any particular speed, it 
maintains the current output constant. 
If the speed is increased, the current also 
is increased to compensate for the de- 
crease of flux. The converse is true when 
the speed is decreased. At one-tenth 
speed, where the flux is twice the value 
at top speed, the control holds a current 
equal to only one-half the value estab- 
lished at top speed. 

When the ‘‘stop” button is pushed, the 
amplidyne control of the generator is re- 
connected in a ‘‘suicide” circuit. Current 
limit control is provided, using a signal 
proportional to the armature current of 
the drying drums motor. 

When stopping, there is no control over 
the regenerative currents from either the 
post-tension rolls motor or the cementer 
pull rolls motor, as they have lower in- 
ertias than the drying drums motor and 
can decelerate with it without difficulty. 


CONTROL FOR ENTRY AUXILIARIES 


The fabric letoff operates as a braking 
generator, with an amplidyne exciter 
holding constant current to obtain sub- 
stantially constant drag tension on the 
fabric (Figure 6). The pull rolls motor 
provides the necessary reaction to over- 
come this tension and determines the 
speed at which the fabric is taken from 
the letoff. It is controlled by regulating 
the generator voltage in accordance with 
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the Eee of the bottom rolls of ihe 
festoon. The rolls adjust the air gap of a 
solenoid, which controls an amplidyne 
used to excite the generator. If the rolls 
drop from their normal position, the pull 
rolls motor is slowed down, and if they 
raise, the motor is speeded up. 

The motor on the liner windup oper- 
ates as a motor and is under constant 
tension control, with an amplidyne ex- 
citer regulating its armature current. 

The influence of JR drop, particularly 
at the lower speeds, has a material in- 
fluence on the circuit designs. If the fab- 
ric tension is increased by strengthening 
the regenerative current from the fabric 
letoff motor, the voltage level on all mo- 
tors is increased because the tension re- 
action must come from the pull rolls ma- 
chine. This makes it more difficult for 
the letoff motor to regenerate. 

To overcome this, a booster generator is 
used in series with the armature of the let- 
off motor. The voltage from the booster 
is of such a magnitude and direction that 
it not only compensates for the internal 
IR drop of the letoff motor, but also the 
tise in generator voltage, when the stock 
tension is increased. 

As the pull rolls motor and the liner 
windup motor both are supplied from the 
‘same generator, a booster on the windup 
motor is unnecessary. However, these 
machines must be designed so that their 
internal IR drops are the same. 

Current limit control for acceleration 
and deceleration is employed, using a cur- 
rent signal from the armature circuit of 
the pull rolls motor. 
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‘When speed is changed in either ns 
tion, the tension being used between the 


letoff and pull rolls is sufficiently high so 


that only small changes occur. However, 
this is not the case for the liner windup 
and a circuit is used for inertia compensa- 
tion. When accelerating, it increases the 
regulated value of current to supply an 
accelerating component, and conversely, 
decreases it under deceleration. 

To replace the festoon storage after a 
shutdown to change rolls, the entry aux- 
iliaries are overspeeded by a maximum of 
20 per cent with respect to the speed at 
which the fabric is being taken away from 
the festoon. This is accomplished auto- 


matically by the solenoid control. 


When a stop is to be made, the gener- 
ator amplidyne is reconnected in a 
“suicide” circuit with current limit con- 
trol from the pull rolls motor. 

Instead of using regenerative braking, 
dynamic braking is used on both the fab- 
ric letoff and the liner windup. These 
motors have wide field control ranges. 
Thus, their inertias are determined by 
their base speed, or frame size. When 
operating at weak field speed, however, 
the torque is considerably less than full 
field would provide. Accordingly, if re- 
generative braking were used, at weak 
field, insufficienttorque would beavailable. 

In view of this, dynamic braking is em- 
ployed. The circuit is arranged so that 
constant armature current is held over the 


Figure 7. Control board for the a-c accessory 
drives 


seca ae See Ad 
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speed. 

Both the liner windup 
stock letoff motor are er 
to stop and several times nor 
must be used in the dynamic brak 
cuit. A ee ‘ 


CONTROL FOR DELIVERY AUXILIARIES — J 


The delivery auxiliaries group is quite 
similar to the entry auxiliaries. The fabri 
windup, in this case, operates as a motor 
with amplidyne control maintaining con- 
stant winding tension. The motor on 
the cooling drums provides the reaction 
to this winding tension and determines 
the speed at which fabric is taken from 
the festoon. As in the previous case, its 

speed is controlled by the position of the 
bottom rolls in the delivery festoon, using 
the same solenoid control scheme for gen- 
erator voltage. If the rolls drop from 
their normal position, the cooling drums 
motor is speeded up; if the rolls raise, the 
motor is slowed down. 

The motor on the liner letoff operates 
as a braking generator to hold a constant 
drag tension on the liner and is under 
amplidyne control. 

For the delivery auxiliaries as well, the 
influence of JR drop affects the circuit de- 
sign materially. As the fabric tension 
is increased, the voltage level is reduced 
to lower the torque output of the dry cans 
motor. Asa matter of fact, at very high 
values of fabric tension, this machine ac- 
tually must regenerate as there is insuffi- 
cient festoon weight and friction load in 
the cooling drums to provide the tension. 

The decrease in voltage level, however, 
makes it more difficult for the stock wind- 
up motor to obtain motoring current. A 
booster is used, therefore, with this ma- 
chine. The voltage from the booster con- 
sists of a component to overcome the in- 
ternal JR drop of the windup motor, and 
also an additional voltage equivalent to 
the reduction in generator voltage with 
increases in tension, 

The liner letoff motor, which operates 
as a braking generator, is provided also 
with a booster which compensates for the 
IR drop of the letoff motor and changes 
in the voltage level. 

For current limit control, when accel- 
erating or decelerating, a signal is taken 
from the armature circuit of the dry cans 
motor. This control operates as it did for 
the entry auxiliaries, adjusting the gener- 
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_ator voltage to hold either accelerating or 
decelerating current constant, as the case 


“may be. 
_ The fabric and liner tensions remain 
substantially constant when speed 


changes are made. However, in the case 
of the fabric windup, inertia compensa- 
tion must be used, as explained previously 
for the liner windup on the entry auxil- 
aries. 

Following the shutdown of the delivery 
auxiliaries for a roll change, the storage of 
fabric in the festoon must be removed. 
To do this, 20 per cent overspeed with 
respect to the speed at which fabric is 
being delivered to the festoon is avail- 
able. The solenoid control does this 
automatically. 

When a stop is to be made, the gener- 
ator amplidyne is ‘‘suicided”’ and the cur- 
rent limit control from the cooling drums 
motor determines the rate of deceleration. 
Dynamic braking is used on both the 
fabric windup and the liner letoff for the 
same reasons that it was chosen for their 
counterparts in the entry group. Several 
times normal current must be used to stop 
these auxiliaries. 


Co-ordination of A-C 
Accessory Drives 


The driving motor of the large motor- 
generator set is a 450-horsepower unity 
power factor synchronous machine, sup- 
plied from a 2,300-volt source. A switch- 
gear-type controller is furnished for this 
motor, suitably interlocked with the d-c 
control equipment in case of a loss of volt- 
age, or an overcurrent indication. 

There are also about 24 low voltage de- 
vices such as motors, solenoids, or valves, 
which operate from a 440-volt supply. 
These are controlled and interlocked with 
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Figure 8. Main cal- 
j ender desk 


the d-c equipment. A load center type of 
control board, shown in Figure 7, is used. 

The motors involved include those for 
ventilating fans in the cementer, cement 
pumps, calender lubricating pumps, wa- 
ter pumps for the cooling drums, feed con- 
veyors for the rubber banks in the calen- 
der, and also the driving motors of the 
small motor-generator sets used for the 
train drive. Interlocking between these 
units and the d-c control is very impor- 
tant. For example, in case of a loss of 
lubrication, the calender must be shut 
down promptly. If ventilation is lost in 
the cementer, this also must be done. 


Operation 


To satisfy the operating requirements 
previously described, a substantial num- 
ber of selector switches and pushbuttons 
is required. However, these are con- 
veniently grouped in a main desk (Figure 
8) located at the calender, an entry letoff 
desk, and a delivery windup desk. In ad- 
dition, there is a small operator’s panel lo- 
cated right next to the letoff and another 
at the windup. These contain the 
switches which are of immediate use to the 
operators when changing rolls.. A con- 
siderable amount of precautionary inter- 
locking is employed to avoid misoperation 
and mistakes on the part of the operators. 

For normal running, once the calender 
train has been threaded, operation is ac- 
tually simpler than with a conventional 
type of mechanical drive. The calender 
running speed, acceleration rate, and ten- 
sions are preadjusted, so that the oper- 
ator only has to push a “Run” button and 
the entire train accelerates to the prede- 
termined speed. This may be done only 
from one central point, the main desk. 

On this desk also are located a recording 
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and indicating tachometer calibrated in 
yards per minute, instruments for thick- 
ness gauge, and yardage counters which 
indicate the total yardage into and out 
of the train at the end of a day’s opera- 
tion. The master speed adjusting rheo- 
stat is also on this desk, but a speed limit 
rheostat which determines the maximum 
speed for any particular run is placed on 
the main control board so that it is acces- 
sible only to supervisors. Adjustment 
and indication of the current in both the 


- drying drums motor and post-tension rolls 


motor are provided on the desk, so that | 
the operator can control the precalender 

and postcalender tensions. Selector 

switches and pushbuttons for the roll 

screwdown motors and the necessary 

threading and jogging buttons are there 

as well. 

The letoff and windup desks have the 
adjustments and instruments for the mo- 
tors associated with them, as well as cer- 
tain jogging and bypass buttons. 

The entire train can be stopped from a 
number of places including several rope- 
operated safety switches. All stops are 
treated as emergency stops in order to 
bring the train down quickly, and give a 
constant check on stopping performance. 


CHANGING ROLLS AT THE WINDUP 

When the operator observes from a 
yardage indicator on the windup desk 
that the fabric roll is nearly full, he places 
an operating switch in the “Change © 
Rolls” position. This slows down all of 
the auxiliary drives associated with the 
delivery festoon to half speed. When 
the desired maximum roll diameter ac- 
tually is reached, he moves the operating 
switch to the ‘Stop’ position which 
quickly stops all of the delivery festoon 
auxiliaries. The calender in the meantime 
continues to run, filling the empty festoon. 

As the delivery auxiliaries stop, a 
clamp roll, immediately above the 
windups, is set so that it holds the stock 
in place against the festoon weight when 
the operator cuts it. The cutting opera- 
tion is done automatically by a ‘“‘fly knife’’ 
which travels transversely across the stock. 

After the cut has been made, the oper- 
ator places a selector switch in position 
for the alternate windup. This windup 
previously had been operated by jogging 
so that a few turns of liner are wrapped 
around it from the liner letoff associated 
with it. 

The operator then returns his operat- 
ing switch to the ‘“‘Change Rolls’ posi- 
tion so that the alternate windup with the 
other delivery auxiliaries starts up. An 
air valve control device then actuates 
a small conveyor which transfers the lead- 
ing end of the cut fabric from the first 
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windup to the one that now will be used. 
It putsit in such a position that it is 
caught automatically in the “‘bite”’ formed 
by the liner as it wraps around the roll. 
After the stock has made several wraps 
around the roll with the liner, the oper- 
ator puts his operating switch in the 
“Slack Takeup” position which auto- 
matically removes slack and establishes 
tension, with the delivery auxiliaries 
still operating at half speed. He then 
moves the operating switch to the 
“Normal” position and the delivery aux- 
iliaries accelerate to a speed somewhat 
higher than that of the calender, depend- 
ing upon how much storage must be re- 
moved from the festoon. 


CHANGING ROLLS AT THE LETOFF 


This operation is quite similar to that 


at the windup. The operating switch has 
the same positions. In the ‘‘Change 
Rolls’ position the entry auxiliaries oper- 
ate at half speed. In the ‘‘Stop”’ position 
a mechanical brake is set to hold the fab- 
ric against the weights of the festoon rolls 
when the fabric letoff no longer provides 
the necessary tension. 

When the operator has spliced the 
trailing end of the stock going to the fes- 
toon to the leading end of the fabric from 
a new letoff roll, the “Slack Takeup”’ 
position automatically reverses the letoff 
and its associated liner windup to take up 
slack. This is very important because the 
splice is not strong and if slack were not 
eliminated, the resulting jerk at starting 
the entry auxiliariesmight break thesplice. 

In the ‘‘Normal’’ position, the entry 
auxiliaries accelerate to some speed 
higher than that of the calender so that 
normal storage of fabric can be returned 
to the festoon. 


Conclusion 


It is expected that the automatic con- 
trol, made possible by the use of individual 
electric drives, will result in a substantial 
improvement in the quality of the prod- 
uct. Regulated tensions should eliminate 
fabric that is stretched too much, or so 
slack that it wrinkles. This will reduce 
rejections and increase production. 

The rubber industry deserves praise 
for pioneering this type of equipment and 
discarding the conventional. Processing 
techniques may benefit, not only in this in- 
dustry but also in others, such as textiles, 
plastics, and photographic film where 
similar problems exist. 
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Synopsis: A new crystal channel filter for 
use in broad band carrier telephone systems 
is described. It requires less than two- 
thirds as much mounting space as the earlier 
design and savings in materials and manu- 
facturing effort are realized. These savings 
were made possible by assembling the four 
crystal units in one lattice-type filter section 
rather than two, resulting in a reduction in 


the number of component coils and capaci- 


tors. 


RYSTAL filters first were used com- 
mercially as channel selecting filters 
in a carrier system developed for use on 
cables.1 Their use in that system per- 


mitted the placing of a large number of 


telephone channels close together in the 
frequency spectrum. The terminal equip- 
ment of the system was designed to pro- 
vide a bank of 12 channels in a frequency 
band 48 kilocycles wide, suitable for any 
transmitting medium capable of providing 
this band width. Subsequent to its use 
on cable circuits, this 12-channel bank 
was applied to other new broad band 
carrier systems for use on open wire lines 
and on coaxial cables. The crystal filters 
used in this original bank were those 
described by C. E. Lane in 1938.? 


As the demand for broad band carrier 
systems increased, a need developed for a 
channel filter which could be produced in 
relatively large quantities more economi- 
cally than the original design. The type 
of design which seemed most promising 
was one which used a more compact con- 
figuration for the filter, thereby reducing 
the number of coils and capacitors re- 
quired. However, this type of filter is 
critical of adjustment and the desired 
performance is realized only if the elec- 
trical characteristics of the component 
elements are maintained close to their 
theoretical values. This requires that the 
crystal units be adjusted precisely and 
that they retain their electrical char- 
acteristics accurately for variations in 
time and temperature.’ Asa step in this 
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direction, the stability of performance of ; 
crystal units was improved by the de- — 
velopment of the wire-supported me 
ings in place of the earlier clamp-type 
mountings, and the provision of hermeti- — 
cally sealed containers. The use of this q 
new type of crystal unit construction — 
made it practical to provide the new filter 
design described in this paper. The four ' 
coils used in the old filter were replaced — 
by two less expensive coils, and four of the ~ 
capacitors were omitted in the new de- 
sign. These changes and the resulting re- _ 
duction in size made possible the saving — 
of large quantities of materials and — 
greatly reduced the required manufactur- _ 
ing effort. 

A comparison of the size and internal 
appearance of this new filter (type 219) 
and the old filter (type 75) is shown in 
Figure 1. The new filter weighs less than 
half the old one jand requires less than 
two-thirds as much mounting space. In © 
order to utilize efficiently the size reduc- 
tion of the filters they are assembled in a 
new design of terminal equipment. Fig- 
ure 2 shows a typical office installation in 
which old and new type terminal equip- 
ments are mounted in adjacent bays. 
The 219-type filters appear in the equip- 
ment in the two bays on the right, whereas 
the 75-type are shown in the equipment 
on the left. 

All 12 of these channel filters transmit 
the lower sidebands derived from the 
modulation of speech signals and carrier 
frequencies located 4 kilocycles apart in 
the range from 64 to 108 kilocycles. An 
insertion-loss frequency characteristic 
which applies to each of these filters is 
shown in Figure 8. This performance 
curve is very similar to that of the earlier 
channel filter, but the loss in the pass band 
is lower and the filter has sharper cutoffs 
than the earlier design. 

Crystal filters usually are designed as 
lattice-type rather than ladder-type struc- 
tures because of the greater flexibility 
afforded by the lattice design. For a lat- 
tice-type structure the functions for the 
propagation factor and characteristic 
impedance may be chosen independently 
as they involve only the quotient and 
product of the impedances or admittances 
of the series and diagonal branches.’ The 
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cate! crack apiece and 
iductances as part of each lattice 
and replacing each crystal element 
: by its. equivalent network, an inductance 
and capacitance in series shunted by a 


>. second capacitance, the schematic of 
_ Figure 5 is obtained. The theoretical 


values of the elements shown in this 


4 
4 


f 


" 


— of approximately 150 at the operating fre- 
quency. The same coil is used in each of 


ay 


a schematic are derived from the following 
4 Bp tions = 


:. at The location of the two cutoff frequen- 
y cies. 


2. The location of five frequencies of infi- 
_ niteattenuation. 


_ 8. The value of the impedance constant. 


the filter pass band. 


Figure 6 shows the elements that com- 


prise the filter. At the two ends are lo- 


- cated the two air-core coils mounted in 


drawn copper cylinders. This coil is a 
duolateral type having a Q, that is, the 
ratio of reactance to effective resistance, 


the 12 filters. Because of the high coil im- 
pedance called for by the filter design, 
care is taken to make the parasitic capaci- 
tances between the windings and between 
the windings and the case as low as prac- 
ticable. This is accomplished by winding 
the coil in four sections as shown in Figure 
7. Such reduction in capacitances also 
results in improved stability of the coil 
and filter characteristics under service 
conditions, ; 

Four resistances, two at each end of the 
filter, regulate the loss level in the pass 
band so that the band loss of each of the 
12 filters is approximately the same. 
Fixed molded silvered mica and fixed and 
adjustable air capacitors are the remain- 
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4. The coincidence between zeros and poles 
of the series and diagonal branches at the 
four critical frequencies occurring within 


Figure 2. The 219-type filters form a part of 

the 12-channel banks on the right, whereas 

the 75-type filters are utilized in those on the 
left 


ing elements mounted on the upper side 
of the panel. The silvered mica capaci- 
tors and the two end adjustable air ca- 
pacitors provide the shunt capacitances at 
the input and output of the lattice. The 
center adjustable capacitor is a differen- 
tial air capacitor which, along with the 
two small fixed air capacitors, provides 
small capacitances across each of the four 


Figure 1. The 219-type 

filter requires less than 

two thirds of the mount- 

ing space and weighs 

less than half the 75- 
type filter 
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Figure 3. The insertion-loss frequency char- 


acteristics of the 12 filters are the same when 


plotted in cycles removed from the carer 
frequencies 4 


lattice branches. The four crystal plates, 


mounted in glass envelopes and as- 


sembled as a unit, form the basic struc- 
ture of the lattice. Figure 8 shows one 


such group of four plates and illustrates 
how the 16 wires from the crystal units 


are connected to the terminals forming 
the four corners of the lattice. The main 
differences among the 12 channel filters 
are the differences in the dimensions of 
the crystal plates. The crystals are 
—18.5 degree X-cut longitudinal plates 
supported by fine wires located along 
their nodal lines. ( 
fabrication of these crystal units has been 
covered very thoroughly in a recent paper 
by R. M. C. Greenidge.® 

The length of a —18.5-degree plate ina 
quartz crystal unit is determined almost 
entirely by the frequency of resonance 
desired. The width and thickness are 


_controlled mainly by the inductance. In 


The mounting and. 


addition to obtaining the desired reso- » 


nant frequency and inductance it is essen- 
tial that the strong secondary resonant 
frequency (this is an objectionable re- 
sponse) of each crystal unit be confined 
to a region that is not being used for the 
transmission of speech. There are such 
regions, each approximately 700 cycles 
wide, between the adjacent channel 
bands. The length, width, and thickness 
of the crystal plates then are determined 
discretely by the desired resonant fre- 
quency, inductance, and location of sec- 
ondary response. 

The equivalent inductances of the crys- 
tal units used in these 12 filters range in 
value from 38 henrys to 576 henrys. Even 
the four crystal units assembled in one 
filter cover a relatively wide range of in- 
ductance values. The ratio of the in- 
ductances of the two crystal units con- 
nected in parallel in the series branches o 
the lattice is five-to-one and in the diag- 
onal branch crystal units is four-to-one. 
The crystal plates range in length from 
1.66 inches for the lowest frequency unit 
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to 0.94 inch for the highest. 
tremes in thickness are 0.019 and 0.085 
inch. The ratios of the widths of the 
crystals to their lengths range from about 
one tenth to slightly less than one half. 
These crystal plates are narrower than 
the plates used in the earlier channel 
filters resulting in a saving in the amount 
of raw quartz required per system termi- 
nal. 

The resonant frequency of the crystal 
unit is adjusted in an electric circuit to 
within seven to ten cycles of the desired 
frequency by grinding down the length 
of the plate. The inductance of the crys- 
tal unit is held to within three per cent of 
its nominal value by manufacturing 
tolerances on the fabrication of the plate. 
However, as shown later in the paper, 
this rather broad range of inductance 
values would permit a wide divergence 
in filter performance. In order to limit 
this range of performance the four crystal 
units used in any one filter are selected so 
as to have approximately equal depar- 
tures in inductance from the nominal 
values. The magnitudes of their re- 
spective variations from a common per- 
centage departure from nominal are plus 
or minus one half per cent for the two low 
inductance units and plus or minus one 
per cent for the two high inductance units. 

In order to meet this close requirement 
on inductance grouping with the limited 
number of crystal units available, the in- 
ductances of a large percentage of the 
plates are adjusted in the manufacturing 
process. The inductances of all units are 
made to fall within one of two groups, 
each meeting the foregoing limits, one 

' centered about the nominal value and the 
other two per cent above nominal. The 
inductance of a coated crystal plate may 


Figure 6. The elements are assembled on a 
panel in much the same position as they are 
shown in the filter schematic 
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The ex- 


Figure 4. The schematic circuits of the 12 
channel filters are the same 


626-5 


Figure 5. The schematic for design purposes — 


has all of the elements within the lattice ex- 
cepting the resistances which form a portion of 
the terminating impedances 


be increased by isolating or effectively 
removing from the electric circuit a por- 
tion of the metallic coating. The proce- 
dure followed in the manufacture of the 
units is to divide the metallic coating on 
one surface of the plate by a transverse 
line located near one end of the plate 
thereby reducing the effective plated area 
by a small percentage. In manufacture 
this operation is done just prior to the 
assembly of the crystal plate in its cage. 
These filters provide 50 to 60 decibels 
loss to all frequencies more than about 
700 cycles from the edges of the pass 
band. To maintain this high loss in one 
lattice-type filter section necessitates a 
close impedance balance between the 
branches of the lattice. A plot of the 
reactance-frequency characteristics of the 
two branches of the lattice, Figure 9, helps 
to explain the transmission properties of 
the filter. Where the reactances Z, and 
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_ in other words, a peak ofa 
cated at this frequency. 


signs Res filter is trans 


a 
quencies as shown by the points 
this difference curve crosses zero 
a peak of attenuation located at i 
frequency where the two reactance 
meet. at i 
To obtain discrimination of approxi OXi 
mately 60 decibels and maintain it over 


the anticipated life of the filter requires 


: 


precise adjustment of the filter elements f 


and the stable performance of these ele- 
ments in service. Certain elements have > 
greater effect on filter performance than 


‘ 
. 


‘ 


others and hence greater precision of ad- © 
justment and more stable performance is — 
required of them. An examination of the — 


function of each of the various elements — 


in shaping the two reactance curves Z, 


and Z, will reveal the elements in which — 


the greatest precision of adjustment is 
required. Any small change in an ele- 


ment which causes similar changes in the | 


two reactance curves without changing 
their relation to each other will have very 
little effect on the attenuation curve. 
But, any change in an element which 
changes one reactance curve with respect 


to the other will alter the filter perform- — 


ance greatly. Thus changes in the ele- 
ments which appear in the series branches 
and not in the diagonal branches or which 
appear in the diagonal branches and not 


in the series are the ones that cause rela- — 


tive movement of the two reactance 


Figure 7. The coil winding is sectionalized 
to reduce the parasitic capacitances 
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Figure 8. This crystal unit is a four-terminal 

lattice network comprised of four divided 

quartz plates and electrically providing two 

crystal elements in parallel in each branch of 
the lattice 


curves. Hence it is the elements which 
appear within the lattice structure, that 
is, the four crystal units and the lattice of 
capacitances consisting of the differential 
air and fixed air capacitors, that require 
precise adjustment and stable perform- 
ance. 

In order to obtain uniform performance 
in the filters it is necessary to hold the 
resonant frequency and inductance of the 
crystal units within very narrow limits. 


. For example, the solid curve of Figure 11 


illustrates a normal transmission loss 
characteristic in which the elements are 
all at their nominal values. The two 
dotted curves illustrate the characteristics 
that result when the inductance values of 
the crystal units in either the series or 
diagonal branches depart from their 
nominal value by about one per cent. A 
negative departure in one pair of branches 
results in about the same effect in per- 
formance as a positive departure in the 
other pair. The two curves shown assume 
positive and negative departures for the 
inductances of one pair of branches. The 
selection and grouping of crystal units 
assembled in any one filter in relation to 
their inductance departures from nominal, 
as discussed earlier in this paper, restricts 
the variations in filter performance. 
Departures of about ten cycles per 
second in the resonant frequencies of the 
crystal units of either series or diagonal 
branches will produce variations in dis- 
crimination of about the same type and 
magnitude as those illustrated in Figure 
11 for departures in inductance. How- 
ever, if all crystal units exhibit equal fre- 
quency departures, the entire transmis- 
sion characteristic will be shifted by the 
frequency departure of the crystal units, 
and there will be little change in discrimi- 
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nation. For a 20-degree Fahrenheit 


change in temperature this frequency 
shift is approximately 0.03 per cent of the 


operating frequency. 


The lattice of capacitances is balanced 
in the final adjustment of the filter by the 
tuning of the differential air capacitor. 
This adjustment moves one reactance 
curve with respect to the other to locate 
one of their crossings, and thus one peak 
frequency, at 600 cycles above the carrier 
frequency. 

In the foregoing discussion the effect of 
dissipation in the elements forming the 
filter has been neglected. As there is some 
dissipation associated with each coil, 
capacitor, and crystal unit, the effect of 
each in turn will be considered. The dis- 
sipation associated with the coils may be 
considered as part of the terminating im- 
pedances and variation in this dissipation 
raises or lowers the loss level in the band 
of the filter without affecting the dis- 
crimination. Dissipation in the shunt 
capacitors at the input and output of the 
lattice produces similar effects on the 
filter. When these effects become too 
large, causing the loss in the pass band 
to fall outside the specified limit, the re- 
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Figure 10. The two reactance curves cross at 
four frequencies which determine the location 
of the four attenuation peaks 
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sistances at either end of the filter are 
changed in value to compensate for the 
change in dissipation. 

_ The elements forming the branches of 
the lattice, that is, the crystal units and 
the capacitor lattice introduce very little 
dissipation. However, since unbalances 
in the dissipation associated with the 
lattice branches of the filter will degrade 
the filter performance to the same extent 
as reactance unbalances in these branches, 
extreme care must be exercised to keep 
the dissipation among these branches 
balanced. Instead of referring to the re- 
actances of the branches of the lattice, 
Z, and Z,, it is more convenient in the 
following discussion to refer to their re- 
ciprocals, the susceptances B, and By. 
Dissipation associated with these sus-_ 
ceptances is expressed in terms of the 
conductances, G, and G,. To obtain a 
peak of attenuation in a lattice-type filter 
it is necessary to have a conductance bal- 
ance as well as a susceptance balance of 
the series and diagonal branches of the 
lattice. Equal conductances across the 
series and diagonal branches of the lattice 
have the same effect as equal conduct- 
ances across the input and output of the 
lattice. That is, they have the effeét of 
raising the loss in the pass band of the 
filter slightly. However, an unbalance 
between the conductances of the series 
and diagonal branches of the lattice up- 
sets the bridge balance at the filter peak 
frequencies. The effect of a slight un- 
balance is a reduction in the magnitude 
of the peak losses of the filter. As this un- 
balance is increased the filter peaks may 
disappear entirely even though there is a 
susceptance balance at the peak fre- 
quencies. Thisis illustrated by the curves 
in Figure 12. The solid line represents a 
normal transmission-loss characteristic 
of the 219AM filter, with. carrier fre- 
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Figure 11. Precise cutting and adjustment of 
crystal units are required to obtain uniform 
filter performance 


The foregoing effects were produced by in- 
ductance departures of one per cent from 
nominal of crystal units in either pair of lattice 
branches : 
quency at 108 kilocycles, in which there is 
a perfect balance of both the conductance 
and susceptance at the peak frequencies. 
The dashed and dotted lines show the 
effect of 0.010 and 0.030 micromho 
conductance unbalance, respectively. 
Greater amounts of conductance unbal- 
ance are required to produce these same 
effects in the lower frequency filters in in- 
verse ratio to the square of the operating 
frequencies. 
_ Even though the crystal plates are sur- 
rounded by dry air and enclosed in sealed 
glass containers it is still necessary to pro- 
tect the filter against atmospheric condi- 
tions of high relative humidity. The 
dashed curve of Figure 12 shows the ef- 
fect of 0.010 micromho conductance un- 
balance of the lattice. This unbalance is 
equivalent to 100 megohms insulation re- 
sistance. With clean parts and a rela- 
tively dry atmosphere insulation resist- 
ance many times as high as this can be 
maintained across the branches of the lat- 
tice. However, a trace of salt or other 
contamination across the terminals in 
the molded base of the crystal unit or 
across the ceramic in the air capacitors 
will make the insulation resistance highly 
sensitive to the moisture in the adjacent 
air. To guard against this condition of 
low insulation resistance, the following 
precautions are taken: 
1. Where insulating materials are required 


within the lattice structure only homogene- 
ous low-loss materials are used. 


2. The insulating parts assembled in the 
filters are kept clean. 


8. The filters are adjusted, tested, and 
sealed hermetically when surrounded by an 
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This two-terminal network is 


Figure 13. 

connected across the paralleled end of the 

filters to improve the transmission over the two 
end channels of the group of 12 


atmosphere in which the relative humidity 
is not greater than 40 per cent. 

In the construction of the filter the ele- 
ments are mounted on the panel and 
wired as shown in Figure 6. This panel 
assembly with cover and end brackets 
attached is inserted in an adjusting shield 
through which the three capacitor ad- 
justments are made. The resonant fre- 
quencies looking in either end of the filter 
are located where they should occur theo- 
retically, by the adjustment of the two 
end air capacitors. The other adjustable 
air capacitor is used to locate a peak of 
attenuation at 600 cycles above the car- 
rier frequency. 

The function of the channel filters in 
service is to select the modulated elec- 
trical impulses from 12 subscribers’ sets 
and combine them for transmission over 
the line, and at the receiving terminal to 
separate the various electrical impulses 
for transmission to the 12 subscribers’ 
sets. Thus, in operation the 12 filters are 
paralleled on one end. Over the pass 
band frequencies of any one of the 12 
filters the impedance paralleling this 
filter should be high so that by far the 
greater portion of the energy in this fre- 
quency range passes through the filter 
and is not dissipated in the paralleling 
filters. With the 12 filters connected in 
parallel this condition is satisfied over all 
channel bands excepting the two end 
channels. Good transmission is obtained 


over all channels by connecting a two. 
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Figure 12. To obtain high peak loss ina lat- { 


tice-type filter the conductances and suscept- — 
ances of the series and diagonal branches must 


be equal eK F 


The effects of differences of 0.010 and 0.030 | 


micromho conductance in these branches are 
shown, respectively, by the dashed and dotted 
curves 


terminal network, the schematic of which 
is shown in Figure 13, across the paralleled 
end of the filters. 

The 219-type ‘‘Crystal Channel Filter’” 
is the first commercial application of 
lattice-type filter circuits in which more 
than one crystal unit is used in each 
branch of the lattice. The use of this cir- 
cuit reduces the number of component 
elements required in each filter and re- 
sults in a saving in mounting space re- 
quired. As these filters constitute a 
large portion of the broad band carrier 
terminal equipment this development has. 
contributed to a considerable saving in 
office space. The labor required for pro- 
ducing these filters has been reduced by a. 
third in comparison with that required. 
for the earlier design. Also, substantial 
savings in the use of tin, nickel, molyb- 
denum, brass, and raw quartz are realized. 
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q OR some years now, it has been a com- 


mon practice to die cast the squirrel 
cages of induction motor rotors. The die 
cast rotor has many advantagesof simplic- 
ity, ruggedness, and durability as well as 
low cost. One feature of die castings is 
the tendency for all castings to have a 
perfect outside surface even though the 
interior may contain voids, blow holes, or 
porosity. This feature is an advantage 


_when the appearance of the die cast ar- 


ticle is of primary importance. However, 
in an electric rotor, it is a disadvantage as 
no visual inspection methods will disclose 
a faulty interior which may affect the 
electrical performance. 

Since the conductivity of the best elec- 
trical materials such as copper and alumi- 
num are affected by small amounts of 
impurities, there is always the possibility 
of low conductivity being introduced at 
some stage between ingot and final cast 
rotor. This defect also cannot be de- 
tected by visual inspection. 

It is necessary, therefore, to have some 
means other than inspection for testing 
die cast rotors. Of course, one way of 
testing such rotors is to build them into 
complete motors and make thorough 
tests on the motors. Obviously, this has 
the great disadvantage of performing 
many expensive and time consuming 
operations before it is known that a rotor 
is defective. Sometimes also other varia- 
tions in the completed motor make it very 
difficult to lay positively the cause of 
poor performance to the die cast rotor. 

There are, of course, an infinite number 
of ways in which a rotor can be defective 
such as wrong laminations, core stack, 
skew, and shaft hole, but in general, if the 
resistance is correct, all other defects can 
be caught by inspection and gauging. 
Once in a great while open bars may get 
by a resistance test but except for rare 
cases a measurement of the average rotor 
resistance can be used to select the satis- 
factory rotors. 

There are two common methods of 
measuring the effective secondary or 
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rotor resistance of a squirrel-cage motor. 


One method obtains the rotor resistance. 


from readings of slip and secondary cop- 
per loss. This has certain definite useful- 
ness for polyphase motors, but has the 
disadvantage of requiring the rotor to be 
finished completely and tested in a motor 
with bearings. The other method in- 
volves a measurement of the impedance of 
the motor with rotor held stationary. 
From this impedance, the rotor resistance 
is separated by calculation from the stator 
resistance and reactance. By taking full 
advantage of the locked impedance 
method which requires no rotation, bear- 
ings, or line up variations, a very satis- 
factory method of testing die cast rotors 
may be devised. . 


Test Stator for Testing 
Die Cast Rotors 


It would be possible to use a normal 
stator and, without end covers or bear- 
ings, make an impedance test for rotor 
resistance of a die cast rotor. Special care 
would have to be taken in testing, as the 
stator being designed for normal opera- 
tion at full speed would draw heavy cur- 
rents and get very hot with rotor standing 
still. The rotor also would get hot. Cor- 
rection of resistance measurements for 
temperature would be subject to error as 
the temperature not only would be high, 
but also changing rapidly. 


To overcome these and other difficul-- 


ties, stators for testing die cast rotors are 
made of special construction and propor- 
tions. 


1. The stator slots are made much larger 
than normal, to give 8 to 10 times the normal 
winding area. This in itself reduces the 
stator temperature and the amount of pri- 
mary resistance to be subtracted from the 
total resistance. It gives a stator much lar- 
ger in diameter thannormal, but theaddition- 
al size and cost do no harm for a test device. 


jX2 T-7 


Figure 1. Equivalent circuit of induction motor 
with rotor locked 
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2. The number of effective turns are usu- 
ally much greater than the normal stator to 
give about half the normal flux densities. 
This keeps the iron loss of the large stator 
down, and reduces the effect of saturation. 


3. Since under locked impedance condi- 
tions the phases operate independently, only 
one phase is necessary for the stator wind- 
ing. 


4. The inside diameter usually is made 
slightly larger than normal, just big enough 
to admit rotor cores as they come from die 
casting before the outside diameter is 
turned to final size. If the stator has open 
or partially open slots and the mould al- 
lows aluminum to flow over the unfinished 
surface, it may be necessary to remove this 
excess aluminum to obtain accurate read- 
ings. If it is desired to test soldered or 
brazed copper or brass rotors in such a 
stator, it may be necessary to trim off the 
excess solder or brazing material in order to 
get the rotor into the-stator. Otherwise, 
the air gap may have to be increased too 
much and errors are introduced. 


5. In general, the width or stack of the 
test stator is made as narrow as the shortest 
rotor likely to be tested in quantity, and 
used for all rotors of that diameter. There 
is very little error introduced when the rotot 
is longer than the stator, but if the rotor is. 
shorter, new calibration curves may have 
to be made because of the change in air gap. 
area. 


6. Stators usually are mounted vertically 
and the windings given thick protective 
coatings to minimize the damage of rotors. 
continually striking against the stators 
during insertion. In spite of all precau- 
tions, the windings ultimately become short 
circuited or the laminations badly worn 
and hammered together at the air gap. [i 
production testing is to be continuous and 
shutdowns for repair avoided, it is well to 
have spare stators available for immediate 
replacement. If it is expected that the 
windings of individual stators will vary in 
resistance, it may be desirable to add a. 
rheostat to the circuit which may be ad- 
justed as each new stator is installed thus. 
keeping the same value of total resistance in 
the primary circuit and eliminating the 
necessity of new calibration curves for each 
new stator. 


7. In general a single phase concentric 
winding is used with the turns distributed 
sinusoidally. A typical core lamination is 
shown in Figure 7. 


Testing Circuit 
The equivalent circuit of each phase of 


an induction motor under locked rotor 
condition is as shown in Figure 1. For 


Rr 


Equivalent circuit used in analyzing 
tests of die cast rotors 


Figure 2. 
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the purpose of rotor testing, it is satis- 
factory to assume the iron loss branch to 
be in shunt across the input as shown in 
Figure 2. The impedance of the network 


beyond the iron loss branch has been’ 


shown by C. G. Veinott to be:- 
Z1r=Ri4+jX1=(n+nC,)+jXCr 
where 


X =ideal short-circuit reactance 


Beas 
ig re ae 
AGE 
a (2+ Ximm)?-- 12” 
C 1+{ (x1+ Xmm)/X }{12/(x2+Xmm) }? 
R= 


1+{ 12/(x2+Xmm) }? 


rv, =primary resistance 

v2 = secondary resistance referred to primary 

x, =primary leakage reactance 

x, =secondary leakage reactance referred to 
primary 

Xmm=mutual or magnetizing reactance 


For the purpose of rotor testing, it is 
satisfactory to assume primary and sec- 
ondary leakage reactances to be equal. 
With this assumption the correction fac- 
tors become ’ 


Vag 
K, 
TT (ral XD? 
and 
C _14(n/X) (t2/X 0) 
ASR eee 
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Figure 4. Calculation sheet for die cast rotor 
calibration curves 
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Figure 5. Typical 
calibration curve for 
test stator 


Dotted curves indi- 
cate upper and 


a, 10 20 
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where 


sx{ Som} {San} 
Xin te Xinm+%2) 


Figure 3 is sometimes a convenient aid in — 
using these formulas. ‘3 

Referring to Figure 2, if it is assumed 
that the current in the iron branch has 
negligible effect on the magnitude of the 
total line current, the following expres- 
sions may be used: 


E=IZz, where Zt= VS Ri2+Xz2, 
Xrp=XGR 
and 


Rir=Retn+nrcC, (Re=rheostat resistance) 
Watts input =/?Rz,+ iron loss 


A convenient calculation form is shown 
in Figure 4. It is customary to calculate 
a complete curve of watts versus r2 and to 
use this curve in setting test limits for pro- 
duction test. Such a curve is shown in 
Figure 5. . 


Determination of Circuit Constants 


In order to use the form shown in 
Figure 4, it is necessary to know the cir- 
cuit constants 7;, X, X,, and the iron loss. 

r; can be measured easily by resistance 
bridge. 

X can be obtained from a locked rotor 
reading using a typical rotor, preferably 
of low resistance. It is usually necessary 
to have tests with finished and unfinished 
rotors so that rotors can be tested later 
under either condition. Usually the same 
values of test constants can be used re- 
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Figure 6. Calculation sheet used for deter- 
mining circuit constants 


X =(23) - (24) 31.9 


gardless of core stack, but it is well to try 
different stacks just to be sure. For the 
purpose of analyzing the locked rotor 
tests, we can assume the equivalent cir- 
cuit of Figure 2. The locked impedance 
of the network beyond the iron loss 
branch has been shown to be 


Zi=(n+P]+j2 
where P=r2C, andQ=XCr 


Typical test stator lamination for 
die cast rotor test 


Figure 7. 
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Figure 9. Test bench for 
die cast rotor testing 


SINGLE 


SUPPLY 


Figure 8. Wiring diagram for die cast rotor 
test circuit 


Assuming that the current in the iron 
loss branch has a negligible effect on the 
magnitude of the total line current, we 
find 


Zi=E/I1t, Rr= (watts input —iron loss]/J 1? 
P=Rzy—n and Q=V 21)—Rr? 


Mr. Veinott has shown that 


PX, 
P= 
Xo a, Q 
where 


Xo=Xmmtx1=ideal open circuit reactance 
He also has shown that 


1+ (t2/X) (ro/X) 
= 8a) & = ng aa 
Q R 1+ (12/X,)? 


Transposing and solving for X 


X [1+ (ro/X)(r2/Xo)]=O [1+ (12/Xp)*] 
X+92(12/Xo) =O[L+ (12/Xo)?] 
X =Q[1+ (12/X o)?]—12(r2/X 9) 


X, and the iron loss for this type of 
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test stator can be obtained from input 
readings using a rotor similar to a typical 
rotor except with no squirrel cage at all. 

Under this condition, it can be assumed 
that 


Xo =Z,= E/Ig 
and that the 
Iron loss =input—copper loss 


In this case also, it is usually desirable 
to have tests with both finished and un- 
finished rotor diameters. It is desirable 
to take the dummy rotor tests over a ~ 
fairly wide range of voltages to be sure to 
cover any case of high or low rotor resist- 
ance in later tests. A convenient form 
for analyzing these tests is shown in 
Figure 6. 
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New Series Capacitor Protective Device 


R. E. MARBURY 


MEMBER AIEE 


Synopsis: A series capacitor is best pro- 
tected from overvoltage during fault by a 
gap having low arc drop with no tendency 
to cut off. In this manner the capacitor is 
not subjected to repetitive voltage peaks 
during fault, and high current oscillations in 
the circuit formed by the capacitor and gap 
are minimized. A special design of graphite 
gap with self-centering arc characteristics is 
described. A new type of by-pass switch 
is also described for automatically by-pass- 
ing the gap and series capacitor and remoy- 
ing the by-pass after the fault has cleared. 
The switch shown provides an inherent 
time delay on closing thus allowing time for 
the capacitor to discharge through the gap 
and avoid damage to the switch contacts. 
The switch also provides time delay on re- 
opening thus eliminating the necessity for 
a holding means which has been a problem 
always with magnetic contactors in this ap- 
plication. The motive power for closing the 
switch is derived from a sealed bellows using 
high resistance metal and containing a vola- 
tile liquid. The passage of current through 
the bellows changes the vapor pressure and 
furnishes the forces required to operate the 
switch. A device of this type is not subject 
to damage by steep wave front surges as- 
sociated with the discharge of the capacitor 
through the protective gap, nor is it damaged 


Paper 46-45, recommended by the AIEE committee 
on protective devices for presentation at the 
AIEE winter convention, New York, N. Y., Jan- 
uary 21-25, 1946. Manuscript submitted Octo- 
ber 29, 1945; made available for printing De- 


- cember 13, 1945. 


R. E. Marsury and J. B. Owens, Westinghouse 
Electric Corporation, East Pittsburgh, Pa. 


Figure 1. Oscillogram showing operation 


of a conventional gap protecting a 33-ohm, 
60-cycle, 1,410-volt series capacitor on a 
100-ampere fault 
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by intermittent line faults. The combina- 


tion of this gap and switch has many ad- 


vantages over a conventional gap and 
magnetic contactor and should permit a 
more general application of series capacitors 


to distribution circuits. 


CAPACITOR connected in series 

with an electric circuit improves its 
voltage regulation by inserting a negative 
reactance which in effect cancels all or 
part of the inductive reactance of the cir- 
cuit. Such a capacitor is called a ‘‘series 
capacitor.” A series capacitor installation 
consists of a bank of capacitors connected 
in series with each phase of a transmis- 
sion or distribution line, each bank having 
the reactance necessary to cancel the de- 
sired portion of the phase reactance and 
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ous and momentary line currents. 


Capacitors may be subjected for brief 


_ periods to twice their rated voltage with- 


out damage to the dielectric; therefore, 


series capacitors may be allowed to handle — 


momentary currents which are twice their 


continuous current rating. However, ins 


most circuits to which series capacitors 
are applied the currents which flow during 
fault conditions are considerably more 
than twice the maximum working current. 
For this reason it is necessary either to use 
capacitors with a continuous current rat- 
ing equal to one half the maximum current 
which may flow during a fault or to use a 
voltage limiting device. 

For a given reactance the cost of ca- 
pacitors increases approximately as the 


- designed to handle the maximum continu- 


= 


oF 


ft 


f 
i 


a 


square of the rated voltage so that usually © 


it is much more economical to use capaci- 
tors whose rating is based on the working 
current and limit the voltage which can 
appear across their terminals by means 
of auxiliary apparatus. 


Protective Gaps 


The device used to protect a series ca- 
pacitor during fault conditions must not 
allow the capacitor voltage to rise above 
twice the rated value even for a short 
time. Thus, it must function to by-pass 
the capacitor during the first half cycle of 
fault current. A gap is the only device 
which meets this requirement effectively. 

The fundamental protected series ca- 
pacitor circuit consists of a series capacitor 
shunted with a gap. If, however, this is 
a metallic gap which has a high are volt 


Figure 3. Oscillogram showing operation of 
new gap protecting a 33-ohm 60-cycle 1,410- 
volt series capacitor on a 100-ampere fault 
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Figure 4. Series capacitor protective device 
for low voltage capacitors 


_ age and a restriking arc, the series capaci- 


tor will be subjected to high currents 


while the arc exists in the gap. Figure 1 


shows an oscillogram made of the current 
in a 33-ohm, 60-cycle series capacitor 
with a shunt gap set to break down at 
3,000 volts. The gap electrodes were 
made of brass.. The normal current of 
43 amperes was increased to 100 amperes. 
The oscillogram shows the presence of 
high currents in the capacitor after the 
gap breakdown occurred. Such high cur- 
rents cause heating of the capacitor and 
may cause serious damage. 

The use of a gap having special graphite 
electrodes gives a low arc voltage and 
limits the current flowing in the series 
capacitor leads to a low value. Even 
with graphite electrodes, however, the arc 
will be moved out of the space between 
the electrodes by magnetic forces, thermal 
air currents, and random air currents un- 
less special precautions are taken in the 
gap design. 

Figure 2 shows the cross section of a 
special type of gap the authors have de- 
veloped to insure a stable arc with a low 


i : 
i . | 


are voltage. The arc occurs between the 
surfaces 4 and B and is shielded from air 
currents by the upper electrode. Mag- 


netic forces produced by the current 


traveling radially through the upper elec- 
trode are in such a direction as to keep 
the arc in the gap. Gaps of this design 
have been tested at currents up to 5,000 
amperes for one second and sustained no 
damage. The arc remained between the 
gap faces at all currents, and there was no 


tendency for the arc to wander down the . 


sides of the lower electrode. Figure 3 
shows the results of a test using this new 
gap on the same circuit as that used for 
Figure 1. <1 


As the spacing of a gap is decreased, the 


variation in breakdown voltage on suc- 
cessive operations becomes greater. For 


SERIES CAPACITOR 
INE 


CLOSING 
COIL 


GAP 


CONTACTOR 
Figure 5. Series capacitor protective device 
with magnetic contactor to extinguish arc in 
the gap 


dependable operation a gap should be ad- 
justed to break down at not less than 3,000 
volts. Since the gap must function de- 
pendably at no more than twice the rated 
capacitor voltage, it cannot be used to 
protect a capacitor rated at less than 1,500 
volts unless an auxiliary means is pro- 
vided to ionize the gap when the capaci- 


Figure 6 (below). Bellows operated toggle switch 


Operation of series capacitor protector using 
bellows operated switch 


Figure 8 (right). 
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tor voltage reaches twice the rated value. 
Figure 4 shows a diagram of a gap- 


protected capacitor with a continuous 


voltage rating of less than 1,500 volts. A 
step-up autotransformer is used to in- 
crease a voltage obtained across the series 
capacitor to a level such that the auxiliary 
gap will break down when the voltage on 
the series capacitor is twice the rated 
value. The breakdown of the auxiliary 
gap allows the small auxiliary capacitor 
to discharge into a radio frequency choke 
which is in series with the main power 
gap. This discharge causes a high fre- 
quency voltage to appear across the choke. 
Since the series capacitor has a low im- 
pedance at this frequency, the voltage ap- 
pears across the power gap causing it to 
break down and pass power current. 

A simple gap-protected series capacitor 
is a satisfactory installation provided no 
fault is of sufficient duration that the heat 
generated by the arc will damage the gap, 
and provided the arc in the gap will go 
out when the line current drops to normal, 
Such conditions may exist on low voltage 
circuits. Usually, however, some special 
means must be employed to extinguish 
the arc in the gap. 


Magnetic Contactors for By-Passing 


Series capacitor protective devices 
made in the past have utilized gap current 


SERIES CAPACITOR 


Figure 7. Series capacitor protective device 
using thermal switch 
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to initiate the closing of a magnetic con- 
tactor which by-passes the capacitor and 
gap to extinguish the arc. Such an ar- 
rangement is shown in Figure 5. The 
capacitor closing coil is placed in series 
with the gap so that when the gap breaks 
down the current flowing through the gap 
will cause the contactor to close. The 
contacts are connected to shunt the gap 
and all but a small portion of the closing 
coil. The number of turns remaining in 
the circuit is sufficient to cause the con- 
tacts to remain closed until the current in 
the line drops to normal. Thus, the arc 
exists in the gap only for the time re- 
quired for the contactor to close, and the 
contactor shunts the capacitor for the 
duration of the fault. 

The magnetic contactor provides ade- 
quate protection of the gap in a gap-pro- 
tected series capacitor; however, a special 
and expensive contactor must be designed 
and built for each application. The size 
of the operating coil must be adjusted for 
each equipment so that the contactor will 
pick up at twice the rated capacitor cur- 
rent and drop out when the current drops 
to the rated value. The coil must be de- 
signed to withstand the steep wave front 
surge imposed upon it when the gap 
breaks down and the stored energy of the 
capacitor is discharged into the coil. In 
addition to stressing the coil, this surge 
also causes the contactor to accelerate 
very rapidly so that its contacts are closed 
while the capacitor discharge current is 
still high. This imposes severe duty on 
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Figure 9. Time-current characteristic of gap 
and switch 
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the contacts, and they must be caleba 
designed to prevent welding or excessive 


burning. 
New By-Passing Switch 


To overcome the difficulties encoun- 
tered in the use of magnetic contactors, the 


authors set about to design a new type of — 
“a piste eae agar 


by-pass switch to meet THe following re- 
quirements: 


1. It must close rapidly enough to protect 


the gap from overheating during any fault 
up to 2,500 amperes. 


2. It should have sufficient time delay on 
closing in order that any capacitor bank up 
to 180 kva at 230 to 2,400 volts would be 
substantially discharged through the gap 
before the contacts engaged. 


3. The motor element must not be dam- 
aged by the maximum combined fault cur- 
rent and capacitor discharge current. 


4. It must have sufficient time delay on 
opening to allow a fault to be cleared by the 
line breakers so that no holding arrange- 
ment is required. 


The switch shown in Figure 6 was de- 
veloped for this purpose. It is a ther- 
mally actuated toggle switch which has 
quick-make and quick-break action and 
is connected as shown in Figure 7. The 
bellows is evacuated and charged with a 
small quantity of a liquid having a low 
vapor pressure at any ambient tempera- 
ture which may be encountered in service. 
At such temperature the bellows remains 
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Figure 10. Variation in closing time of bel- 
lows operated switch with variations in ambient 
temperature 
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pressure of the enclosed see a 
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gap and switch operation i in protec 
16-ohm, 60-cycle series capacitor dw 
a 2,000 ampere fault. ~ 

The closing of the switch by-p 
entire series capacitor and thus terminates 
the flow of gap current and allows the h 
lows to start cooling. Cooling causes the 
vapor to recondense, and the resulting — 
differen‘ial pressure reopens the switch 
and restores the series capacitor to service — 

The gap may be allowed to reach a tem- 
perature of 250 degrees centigrade with 
no risk of damage. Figure 9 shows the 
time-current characteristics of the gap 
shown in Figure 2 based on an attained 
temperature of 250 degrees centigrade on 
the top casting and shows also the time 
required for the switch to close for the 
same currents. From this it is seen that 
the switch meets the first requirement of 
protecting the gap for all currents in the © 
operating range. The tests from which 
these data were procured were made at an 
ambient of 25 degrees centigrade; how- 
ever, the gap and switch combination is 
temperature compensating, and adequate 
protection is obtained throughout the 
operating temperature range. At high 
ambient temperatures the gap reaches the 
maximum permissible temperature in a 
shorter time, but the switch closes more 
rapidly. At low ambients the switch 
operates more slowly, but the gap requires 
longer to reach the temperature limit. 
Temperatures below the freezing point 
of the enclosed liquid do not damage the 
bellows because of its flexible nature and 
because the quantity of liquid is very 
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Figure 11. Low voltage series capacitor pro- 


tective device 
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small. Operations at ambients below 
freezing do not take appreciably longer 


, than those above freezing since the heat of 


fusion of the liquid is small compared to 
the total heat input required to raise the 
bellows to the operating temperature. 
The operating time of the switch for vari- 
ous ambients is shown in Figure 10. 

The motor element in the new switch is 


- essentially self-protecting since the switch 


operates to stop the current flow in the 
bellows when it reaches a certain tempera- 
ture. High currents simply cause the 
switch to operate more quickly. The 
switch shown has been tested with fault 
currents of 2,500 amperes and capacitor 
discharge currents of 100,000 amperes 
and sustained no damage. 

The opening time of the switch varies 
from two to five minutes over the ambient 


temperature range of —20 degrees centi- 


grade to +50 degrees centigrade. Thus, 
any fault will be cleared by the line 
breaker before the switch opens to restore 
the capacitor to service. An arcing 
ground on the system cannot cause opera- 
tion of the switch more often than once 
every two minutes so that heating in the 
capacitor caused by discharge through 
the gap cannot be cumulative and cause 
damage. 


Method of Installation 


Figure 7 is the diagram of a high voltage 
(above 1,500 volts) series capacitor with 
short circuit protection. Figure 11 shows 
the low voltage equipment. In either case 
the complete assembly of equipment for 
each phase is mounted on a platform 
which is insulated from ground for the 
line-to-ground voltage as shown in Figure 
12. Outdoor type capacitor units are 
used, and the protective equipment is 
housed in a weatherproof steel housing 
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Figure 12 (left). 
Typical series capac- 
itor installation 


Figure 13 (right). 
Series capacitor with 
short circuit, over- 
load, and dielectric 
failure protection 


with one entrance bushing. A stud on 
the housing serves as the other terminal. 
Disconnect switches are provided to by- 
pass and isolate the capacitor for inspec- 
tion and maintenance. 


Operating Limits 


During momentary overloads, such as 
might be caused by motor starting or the 
operation of a resistance-welding machine, 
the series capacitor rated current may be 
exceeded, and it is not intended that the 
short circuit protective device should 
operate at such times, The breakdown 
voltage of the protective gap is subject 
to variation with temperature, humidity, 
condition of electrode surfaces, and rate of 
rise of the applied voltage. To allow for 
these variations, the gap is set positively 
to break down at 200 per cent of the rated 
voltages and never to break down at 150 
per cent of the rated voltage. Therefore, 
it is important that the momentary cur- 
rent peaks never exceed 150 per cent of 
the continuouscurrent rating of the capac- 
itor. In some cases the current peaks will 
exceed considerably the normal sustained 
current. In these cases it is necessary to 
use a capacitor with a sufficiently high cur- 
rent rating that it will never be exceeded 
by more than 50 per cent, even though the 
capacitor will run most of the time with 
less than rated current. 


Other Types of Protection 


A series capacitor will be damaged by 
continuous operation at more than 110 
per cent of its rated current. The short- 
circuit protective device may not func- 
tion at less than 200 per cent of rated 
current; therefore, it is sometimes desir- 
able to provide overload as well as short- 
circuit protection. The overload protec- 
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tive device should have an inverse time- 
current characteristic which can be co- 
ordinated with that of the capacitor to 
allow momentary but not continuous 
overloads. The bellows operated switch 
is ideal for this purpose. It is necessary 
only to connect a bellows of the proper 
current rating in series with the capacitor 
and to connect the switch to shunt the 
capacitor and bellows. 

Still another type of protection that is 
sometimes used for series capacitors is 
dielectric failure protection. This is a 
means of detecting a failure in the working 
insulation of a capacitor unit in a capaci- 
tor assembly. In an unfused capacitor 
bank a short-circuited capacitor unit may 
sustain an internal arc which will cause 
gas to be generated in the unit. Con- 
tinued operation will cause the pressure 
to reach a value which will rupture the 
case and possibly cause damage to other 
units and equipment. If the units are 
equipped with individual fuses, a fuse 
operation to remove a faulty unit increases 
the reactance of the bank and continued 
operation at the rated current of the orig- 
inal bank will subject the remaining units 
to overvoltage. The by-pass switch used 
in a protective device for dielectric failure 
protection is spring biased to the closed 
position and latched in the open position. 
A magnetic device is used to trip the latch 
when the currents become unequal m two 
equal branches of the capacitor bank. 
Each phase of the series capacitor bank is 
divided into two equal branches and con- 
nected so that the two branch currents 
pass in opposite directions through one 
winding of a special current transformer. 
No voltage is induced in the secondary 
winding until the two currents become un- 
equal as a result of a short circuit in one 
of the capacitor units or a removal of one 
or more units by operation of individual 
fuses. 

Figure 13 shows the diagram of a series 
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A B-H Curve Tracer for Mesie® 
Recording Wire 


T. H. LONG 


MEMBER AIEE 


Synopsis: The equipment described is able 
to show on the screen of an oscilloscope the 
cyclic hysteresis loop of a sample of mag- 
netic-recording wire a little over one inch 
long and 0.004 inch in diameter. Results 
obtained with the equipment in studying 
recording wires are given. A discussion is 
included of the operation of the equipment, 
and of possible modifications. 


N EXPERIMENTAL study of the 

performance of any particular type of 
recording or playback head in relation 
to magnetic-wire recording it becomes evi- 
dent that there are at least two vari- 
ables. One of these, and frequently the 
most serious, is the condition of the head 
as influenced by accumulations of dirt. 
The dirt that accumulates in such a head 
is usually magnetic, but it is probable 
that any kind of dirt is almost equally 
bad on account of the separation it causes 
between the wire and the pole pieces. 
Magnetic dirt has the additional disad- 
vantage of causing a shunting effect on 
the gap. The second variable is the mag- 
netic character of the wire itself. 

It is a matter of experience that with 
suitable recording and playback heads 
the performance of a wire recording sys- 
tem is stable to within about 0.5 decibel 
for short lengths of wire. For frequencies 


capacitor having short circuit, overload, 
and dielectric failure protection. Actu- 
ally, overload and dielectric failure pro- 
tection are seldom needed on distribution 
circuit series capacitors. These capaci- 
tors are usually selected on the basis of 
the maximum expected line currents, and 
these currents are not likely to be continu- 
ously exceeded because other equipment 
such as transformers would be damaged. 
When the units are applied in this manner 
and are properly protected against dam- 
age from short circuits, they seldom fail 
in service. 


Conclusions 


A graphite gap designed to hold the arc 
in a relatively fixed position provides the 
most effective protection for a series ca- 
pacitor because it does not permit recur- 
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G. D. McMULLEN 


NONMEMBER AIEE 


above 2,500 cycles the performance may 
be subject to variations as great as 15 
decibels in playing through a 1 hour spool 
of wire at 2 feet per second. Performance 
at lower frequencies may be subject to 
roughly one-third as much change. These 
figures apply to 0.004-inch diameter stain- 
less steel wire available early in 1945. 

It is known further that a normal 
change in the condition of the head will 
account for only a small part of the change 
in low frequency performance but that 
it may account for all of the change ob- 
served at high frequencies. This situa- 
tion makes it important to be able to 
separate the variables of head condition 
and wire magnetic characteristic in order 
to find out what actually is happening. 
This requires special equipment for ex- 
pediently measuring the magnetic char- 
acteristics of the recording wire. 

The characteristics obviously of interest 
in a recording wire that is to be used as a 
permanent magnet are retentivity and 
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ring rises in voltage on the capacitor dur- 
ing a fault. It can be designed to handle 
the fault current without being damaged 
and without serious changes in the break- 
down characteristics. 

A thermally operated by-pass switch of 
the type described provides an economical 
and effective means of extinguishing the 
are in a series capacitor protective gap. 
The bellows operating element has a neg- 
ligible inductance and is not damaged by 
the steep wave front surge of the capacitor 
discharge. The time delay on closing re- 
lieves the contacts of handling capacitor 
discharge current. The time delay on 
opening eliminates the need for a holding 
mechanism. 

The thermal switch has an inverse 
time-current characteristic which makes 
it ideal for overload protection of series 
capacitors. 
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Requirements for Equipment for = 
Magnetic Measurements 


Perhaps the most important seated 
ment for magnetic measurements is that 
they should be made at a sufficiently ind 
tense magnetization to insure saturation 
of the wire. Measurement at any arbi- 
trarily selected lower level may not be 
proportional to saturated measurements 
and in extreme cases will give little id 
of the actual magnetic property of the 
wire. It originally was estimated that 
1,500 ampere turns per inch would be 
necessary for the saturation of any wire. 
Subsequent experience has indicated that 
this is satisfactory for any wire suitable 
for magnetic recording with present head 
designs but that wire can be produced 
that requires more than 2,500 ampere 
turns per inch for saturation. 

A requirement of almost equal impor- 
tance is that the equipment should be able 
to operate continuously and indicate con- 
tinuously the magnetic retentivity and 
coercive force of the wire as it runs 
through the equipment at a speed com- 
parable to recording speed. The resolv- 
ing power of the equipment should corre- 
spond to something on the order of 0.1 
second playing time. There seem to be 
no variations in performance of an unde~ 
sirable nature or magnitude that are of 
shorter duration than perhaps one-half 
second. If there were shorter transients, 
they could be studied best by oscillo- 
graphic methods on a record-and-play- 
back system which has a resolving power 
of a few thousandths of one inch. 

Considerations of magnetizing coil de- 
sign suggest the desirability of operating 
at a low audio frequency, perhaps several 
hundred cycles. A secondary considera- 
tion pointing in the same direction is the 
possibility of winding the detector coil 
on a stainless steel (nonmagnetic) tube. 

It occasionally may be desirable to 
make rather accurate measurements at 
very low inductions, such as 100 lines 
per square inch. In order to avoid com- 
promising the design as far as more nor- 
mal use at much higher flux densities is 
concerned, it may be desirable to provide 
for measurement in such cases on a small 
bundle of wires. An example of this use 
would be the getting of that part of the 
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the origin. 

Calibration should be simple and pre- 
cise with independent adjustments for 
coercive force and retentivity and should 

be relatively stable. A permissible drift 
might be as much as 5 per cent per hour. 
An absolute calibration would be de- 


em 
tie magnetization curve that is near 


obtain full scale retentivity readings at 

several convenient values between 10,000 

and 100,000 lines per square inch. Ad- 

justment also should be provided for full 
_ scale ampere turns per inch from perhaps 
100 to 3,000. 


sirable. 
4 The equipment should be adjustable to 
; 


- 
a ; ' ‘ 
_ Theoretical Considerations 


The practicability of the use of the os- 
cilloscope in obtaining hysteresis loop 
information on small punched washers 
of magnetic material has been demon- 
_ strated by Adler.t It would seem that 
something of the same technique should 
be applicable to the present problem. 
It hardly would be practicable to form 
the recorder wire into a loop to apply 
Adler’s technique directly. Such a loop 
would require several turns to minimize 
_ end effect; and very high magnetizing 
currents would be required since the 
recording wire is actually a very efficient 
permanent magnet material. 
An alternative is to run a straight wire 
through a magnetizing coil. The mag- 
netizing force near the axis of a mag- 


y 
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netizing coil of practical proportions will 
not be constant but will increase toward 
the center of the coil. Most of the change 
will be near the ends, and, if only the 
central one-third of the magnetizing coil 
is occupied by the detector and balance 
coils, the variation actually encountered 
will amount to only a few per cent, and 
an average value may be satisfactorily 
used; this is subject to limitations im- 
posed by end effect. If the end effect is 
spread out over a length of the order of 
100 times the wire diameter, it should not 
affect the, results appreciably, and this 
expectation has been realized. 

It is clear that, since operation is re- 
quired on the flux contained in one piece 
of 0.004-inch diameter wire, a great many 
turns will be required in the detector coil 
through which the wire will run. It is 
further evident that a very substantial 
part of the flux through this coil will be 
flux outside of the wire and in air. For 
instance, if the inside diameter of the 
winding is 0.312 inch and the radial thick- 
ness of the winding is neglected, the ratio 
of the areas of air and iron included by the 
coil will be about 6,000. It will be neces- 
sary to exclude the influence of this air 
flux from the measurements, since it 


would mask completely the flux being 
measured, This is reasonably simple to 
do with a balance coil having a product 
of turns times area slightly greater than 
the detector coil and located along side 
of the detector coil within the magne- 
tizing coil. 


A potentiometer adjustment 


Figure 1 (left). 


can be used for the adjusement of the 
final balance as one of the steps in cali- 
brating the equipment. 

A definite limitation is imposed on the 
equipment by the requirement of handling 
wire for which the maximum induction is 
as great as 100,000 lines per square inch, 
since the voltage from the balance and 
detector coil combination must not over- 
load the amplifiers that precede the inte- 
grating circuit. 

This voltage prior to the integrating cir- 
cuit is a very peaked wave, so that a 
fairly wide range of frequency must be 
handled without appreciable distortion, 
and what. is perhaps more important, 
without appreciable relative phase shift 
between the various harmonic compo- 
nents at any point inthe circuit. This will 
require the use of unusually large capaci- 
tors on the screen grids, and the elimina- 
tion of cathode by-pass capacitors with a 
corresponding material loss in amplifier 
gain. 

An interesting theoretical question isan 
appropriate design for an air core mag- 
netizing coil to provide 1,500 ampere 
turns per inch continuously at say a maxi- 
mum frequency of 500 cycles. It is 
known? that for a coil wound from round 
or sqtiare wire, and having proportions 
suited to the present problem, if the eddy 
current loss increases the effective re- 
sistance by more than about 50 per cent, 
the total loss will be reduced by winding 
with smaller wire to the same total turns 
and axial coil length. This makes it ap- 


Equipment for continuous magnetic measurements 


on magnetic-recorder wire 


Figure 2 (below). Simplified schematic diagram of B—H curve tracer 
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pear that for a radial winding depthof 1.25 
inches the maximum practicable round 
wire size will be about 0.040 inch. The 
maximum practicable wire size will be 
roughly proportional to the reciprocal of 
the radial depth of the winding. 


B-H Curve Tracer 


The equipment as finally developed for 
the continuous measurement of retentiv- 
ity and coercive force of moving or sta- 
_ tionary samples of magnetic recording 
wire is shown in Figure 1. The lower sec- 
tion is occupied by the wire handling 
equipment and the magnetizing coil. 


Behind this unit on the relay rack is the - 


power supply for the power amplifier that 
energizes the magnetizing coil at the 
finally selected frequency of 200 cycles. 
This power amplifier is at the top of the 
rack, In between there is a 200-cycle 
oscillator, an integrating circuit for the 
induction channel and associated ampli- 
fier, an amplifier for the magnetization 
channel, and the controls associated with 
these items. The equipment is self con- 
tained except for the oscilloscope and in- 
cludes sufficient amplification for 20-volt 
output signals in both channels. 

Figure 2 is a simplified schematic dia- 
gram in which certain standard items are 
designated simply by blocks. The resist- 
ance coupled amplifiers are modified from 
strictly conventional circuits to meet the 
special requirements of the present prob- 
lem as just indicated. The omission of 
the cathode by-pass capacitors results in a 
reduction in the maximum practicable 
gain per stage to about one half of normal, 
or around 50 for a pentode stage. The 
required minimizing of phase distortion 
requires unusually large coupling capaci- 
tors. This results in an amplifier that has 
a very high gain even at a frequency of a 
few cycles. Transients in the 60-cycle 
supply come through a conventional filter 
sufficiently to cause substantial instability 
in the oscilloscope image, so a rather elab- 
orate filter is necessary. This filter is a 
combination of two inductance-capaci- 
tance stages and four resistance-capaci- 
tance stages. The hum bucking circuit 
provides for the variation in phase and 
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Figure 3. 

tion hysteresis loops 

for two samples of 

stainless steel record- 
ing wire 
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magnitude of a small inserted 60-cycle 
voltage and uses a capacitance-resistance 
phase split for the phase variation. 

The afore-mentioned difficulties are in- 
creased by the necessity of using an inte- 
grating circuit in the induction channel 
of the amplifier, identified as B at the out- 
put jacks. This integrating circuit is, 
in effect, a resistance and capacitance in 
series that are so proportioned as to have 
a time constant on the order of 100 times 
the length of a half cycle. The resistance 
involved is the load resistance of ampli- 
fier V2 in parallel with the plate resistance 
of that amplifier, and the capacitance is 
connected from amplifier plate to ground. 

In spite of the various steps taken to 
minimize phase distortion, a prohibitive 
amount remains, and this has been cor- 
rected to a tolerable value by the use of 
the resistance-capacitance network shown 
at the input to each of the channels. The 
adjustment of the phase correction net- 
work in the induction channel varies the 
position of the nearly vertical lines of the 
hysteresis loop, and in the proper operat- 
ing range of this adjustment there is no 
other pronounced change in the hysteresis 
loop seen on the screen of the oscillo- 
scope. This fact seems to preclude the 
expedient arriving at what might be called 
an absolute calibration of the system. 
Calibration against standard samples that 
have been measured by a point by point 
method is an easy way out after the 
standard samples have been measured. 
In making point by point measurements 
on standard samples of stainless steel 
recording wire it is necessary to calculate 
the cross section of the bundle of wire 
used and the cross section of the detector 
coil and then correct for the air flux. This 


wire 
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Figure 4. 
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is not a serious handicap. ” e 2 
error is substantially less and | 
only on the accuracy to w 
on the oscilloscope screen can be meas- 
ured, on the accuracy with which the wire 
diameter can be measured (this influences 
retentivity only), and on the linearity of 
the oscilloscope. Figure 3 shows satura-— 
tion hysteresis loops for two ae 
samples of stainless steel wire, and Figure 
4 shows two hysteresis loops taken on a 
single sample of wire about a foot apart; 
the difference may be due to the second - 
loop’s being in a part of the wire that had 
been welded at an earlier stage in the 
drawing. The change between these two 
loops was fairly gradual, and several 


half-pound spools were run through to — 


find such a case. 

When this project was started it was 
believed that the most important use of 
the equipment would be continuous meas- 
urements to determine the uniformity of 
the magnetic characteristics of a recording 
wire from one end of the spool to the other. 
This indeed has been important, and 
Figure 5 shows the retentivity and co- 
ercive force plotted against winding time 
for a constant spool speed that gave a 
nominal wire speed of 5 feet per second. 
The variations are of sufficient magnitude 
to account for several decibels of varia- 
tion in the low frequency playback, but 
they are definitely not sufficient to ac- 
count for the magnitude of frequently en- 
countered variations in high frequency 
performance. The variations shown seem 
to be typical of current production of 
stainless steel wire (as of November 1945). 

In the earliest use of this equipment for 
continuous measurements on running 
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wire, a small pulsation of the hysteresis 
loop on the oscilloscope screen was ob- 
served. This amounted to only a few 
3 per cent of the intercepts on the B and H 
axes but seemed to be associated with the 
_ motion of the wire. It was found that this 
was caused by something analogous to 
_magnetostriction. Small variations in 
tension that accompany the motion of 
_ the wire influence the magnetic properties 
_ of the wire to an appreciable extent. 

A study of this effect was made in vari- 
ous wires to find out what the magnitude 
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Figure 6A (left), 7000 
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Figure 6B (right). 

Retentivity versus 

magnetization _for 

several values of ten- 
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Both parts are for 
stainless steel wire 
of 0.004-inch diam- 
eter. Tension varied 
from O to 2 pounds 
in half-pound steps, 
maximum tension at 
top 
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ing range of magnetizations, and some 
wires do not exhibit either effect appreci- 
ably in this range, although it is evident 
above this range. 

The B-H curve tracer, which might be 
more conveniently called a magnetoscope, 
also is useful in determining normal mag- 
netization curves of recording wire. It 
seems necessary in this case to use a 
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Figure 5. Retentivity and coercive force plot- 
ted against running time for a one-half pound 
spool of 0.004-inch diameter wire 


Nominal running speed was 5 feet per second 


might be and how it varied between 
samples. Figures 6A and 6B show char- 
acteristic results in which coercive force 
and retentivity are plotted against peak 
magnetizing force for various values of 
tension. In general an increase in tension 
always is accompanied by an increase of 
coercive force, and may be accompanied 
by either an increase or decrease in re- 
tentivity. The magnitude of the affect 
for a change in tension from zero to two 
pounds varies from 0 to 12 per cent for 
coercive force, and from 0 to 50 per cent 
for retentivity. 

These stated values apply to the work- 
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Figure 7. Normal induction curves for three 
samples of stainless steel wire 


@—H, 150, B, 5,900 
©—H, 185, B, 5,400 
O—H, 250, B, 4,800 


point by point procedure, and, to get 
good detail at the bottom of the curve 
where the induction is very low, it is ex- 
pedient to use several wires (perhaps as 
many as 10), but such curves can be ob- 
tained in about 5 or 10 minutes after the 
equipment has been calibrated. It usu- 
ally will be expedient to measure the 
magnetizing force on a voltmeter con- 
nected across a resistance in series with 
the magnetizing coil and to read the in- 
duction on the screen of the oscilloscope. 
Figure 8 is a sample of normal induction 
curves obtained in this manner. 
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Conclusions 


_ The necessity and adequacy of the 
magnetoscope as a development tool in 
experimental work on wire recording have 
been demonstrated. It would seem that 
the magnetoscope would be equally useful 
in control work, if the advantages of 
stainless steel wire are to be fully realized. 

The utility of the magnetoscope is by 
no means limited to the field that has been 
explored in some detail in this paper. For 
instance it might be possible to use the 
magnetostrictive characteristic of a mag- 
netic material to get a direct and almost 
instantaneous measure of the tension in 
the material. 

The account that has been given has 
been limited to a measuring device in 
which the end effect (or return magnetic 
circuit) could be safely neglected. This 
is not a limitation inherent in the device. 
In the present form of the equipment the 
detector coil is somewhat sensitive to - 
magnetic material closely adjacent to the 
magnetizing coil. This is associated with 
the energy loss so caused and the conse- 
quent lag between flux and current. It is 
probable that an external magnetic re- 
turn circuit can be employed in spite of 
this by energizing the magnetization chan- 
nel from a search coil and integrating 
circuit. This would make it possible to 
use such equipment in measuring the 
magnetic characteristics of a single strip 
of transformer grade alloy. In such ap- 
plications a detector coil of only a few 
turns would be required, and the balance 
coil would be unnecessary. 
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‘An Automatic Oscillograph With 
a Memory 


A.M. ZAREM _ 


ASSOCIATE AIEE 


Synopsis: The memory oscillograph de- 
scribed in this paper is used for obtaining 
photographic records of randomly occurring 
electric transients. This instrument differs 
from other oscillographs of the memory 
type! in that its operation is completely 
automatic. Forty sets of oscillograms can be 
recorded without the aid of an operator. 
Because of this feature, such an oscillograph 
may be used for monitoring electrical sys- 
tems in which sporadic circuit disturbances 
are to be studied. The unit consists es- 
sentially of three cathode-ray tubes with as- 
sociated power supply, a saw-tooth oscillator 
to provide the horizontal time axis, ampli- 
fiers for the vertical deflection circuits, a 
beam blanking circuit, and an automatic 
camera. When the memory oscillograph is 
in operation, the cathode ray tubes are con- 
tinuously excited. The vertical deflection 
circuits of the tubes are connected to the 
voltages to be investigated, and each tube 
screen carries a cathode-ray pattern char- 
acteristic of the voltage applied to its ver- 
tical deflection plates. Upon the occurrence 
of a transient pulse, the camera shutter is 
released and the electronic beams of the 
cathode ray tubes are interrupted. The 
camera then records the persistence of 
fluorescence, which is characteristic of the 
material used on the tube screens. In this 
way a record is obtained of electric events 
that occurred previous to the opening of 
the shutter. To insure successful operation, 
the component parts of the automatic 
memory oscillograph must be electrically 
co-ordinated and controlled. The sequence 
of functions performed by a control circuit 
for this purpose is described. Photographic 
records of transients which may arise dur- 
ing the operation of a mercury-are poly- 
phase inverter are included. 


N CONNECTION WITH research and 

development work on mercury-arc 
power converters, it is frequently neces- 
sary to study electric transients which 
occur at irregular intervals. Particular 
attention has been directed to the investi- 
gation of factors which encourage faulty 
operation. Not all of these factors are 
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known and those that are known are not 
understood entirely. It is not a simple 
matter to obtain information concerning 
the initiation of transients. The random 
character of backfire phenomena in recti- 
fiers, for example, makes it difficult to 
study electrical conditions in rectifier 
circuits immediately preceding backfire. 
Yet such a study is of prime importance 
if we are to learn more about the manner 
in which such faults occur. 

The cathode ray memory oscillograph 
is an ideal instrument for this purpose. 
It can be made to provide a record of 
electric conditions previous to the occur- 
rence of a transient as well as of the 
transient itself. The heart of this instru- 
ment is the cathode ray tube. 


The Cathode-Ray-Tube Screen 


A very useful characteristic of the 
fluorescent materials used for coating 
cathode ray tubes is the persistence of 
their luminescence after the exciting 
cathode ray beam is extinguished. All 
other conditions being the same, the rate 
of decay of the afterglow depends upon 
the kind of fluorescent material used. 

Generally speaking, these coatings fall 
into three classes, and the tubes in which 
they are used consequently are referred 
to as short, medium, or long persistence 
cathode ray tubes. 

Figure 1 illustrates in a general way the 
relative brightness retained for three 
different types of cathode ray tubes as 
a function of time. Curve A is charac- 
teristic of the short-persistence type P5 
tube. The screen material used for this 
tube is an efficient emitter of light, and 
fluoresces in the bluerange. The relative 
brightness falls to ten per cent in approxi- 
mately 10~® second. This rapid decay 
of brightness limits the use of these tubes 
in a memory oscillograph. Screens of this 
type find an important application when 
moving film recording is to be done. Due 
to the very short persistence, fogging of 
the film is kept to a minimum. 

The medium-persistence P1 tube has 
a screen characteristic like that given 
by curve B. The relative brightness of 
such a screen falls to ten per cent in about 
20 milliseconds. Most of the radiant 
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lower than that of the E P5¢ 

After careful consider 
characteristics and the re 
imposed by the intended appl t 
type P1 medium-persistence tube g 
ally will be preferred for ordinary m 
oscillograph studies. With an accelerat. 
ing anode potential of 3,750 volts, tt 
P1 screen provides sufficient after glow 
to allow a memory time of approxi- 
mately 100 milliseconds, or 6 cycles of 
a 60 cycle a-c wave. By increasing the 
anode potential to 4,500 volts the memory 
time may be elevated substantially. 
However, because the use of beams of 
very high intensity has a markedly ad- 
verse effect on screen life, and since a 
cathode ray pattern of one type or 
another is on the tube screen continually, 
it is a matter of economics to avoid the 
use of very high intensities when they 
really are not required. For this reason 
an anode accelerating potential of 3,750 
volts is desirable for normal operation. 
In anticipation of occasions when greater 
memory time may be required, provision 
may be made to allow the use of a tube 
voltage of 4,500 volts. As a further 
aid to lengthening screen life, the hori- 
zontal sweep oscillator can be allowed to 
remain umsynchronized so that the 
cathode ray pattern drifts slowly across 
each screen. With these precautions 
taken, the instrument can be operated 
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Figure 1. Curves illustrating typical varia- 


tions in relative brightness as a function of time 
for three types of cathode-ray-tube screens 


A—Short persistence 
B—Medium persistence 
C—Long persistence 
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Figure 2. The automatic memory oscillograph 


The automatic camera, the cathode-ray-tube 
unit, and the horizontal and vertical deflection 
control unit are shown 


Ye ee 
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continuously 24 hours a day, with tube 
replacements required about once every 
five months. Tubes removed from the 
‘memory oscillograph, of course, will still 
be usable for ordinary cathode ray work. 


Description of the 
~ Oscillograph Unit 
Figure 2 is a picture of the automatic 
memory oscillograph. In normal opera- 
tion a light-tight shield is placed between 
the camera lens and the cathode ray 
tubes. The lower tube unit shown in 
Figure 2 houses 3 5-inch cathode ray 
tubes with the necessary power supply 
and beam blanking equipment. Adjust- 
ments for focus, intensity, and accelerat- 
ing potential are made by means of knobs 
on the front panel. Three values of 
accelerating tube voltage are available: 
3,000 volts, 3,750 volts, and 4,500 volts. 
Beam blanking may be accomplished 
in a variety of ways. Ifa trigger circuit* 
of the Eccles-Jordan® type is used, the 
output of this circuit is arranged so that 
the control grids of the cathode ray tubes 
will suddenly be made negative with re- 
spect to their cathodes when the circuit 
is tripped. Tripping may be accom- 
plished by a voltage pulse of either posi- 
tive or negative polarity. The pulse re- 
quired is supplied by a control circuit 
which is actuated by the transient to 
be studied. Provision for adjusting the 
time delay between the opening of the 
shutter and the operation of the beam 
blanking circuit is contained in the 
control circuit. With such an arrange- 
ment, if the duration of the transient is 
not too great, it is possible to obtain a 
picture of the electrical conditions before, 
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during, and after the occurrence of the 
transient. Information concerning condi- 
tions existing after the occurrence of a 
transient will be obtained at the expense 
of ‘memory time.’’ However, situations 
may arise where such knowledge is de- 
sired. 

The upper unit shown in Figure 2 
contains the sweep oscillator for the 
horizontal timing wave and three sets 
of amplifiers for the vertical deflection 
plates of the cathode ray tubes. Each 
tube has its own 2-stage resistance- 
coupled amplifier. These amplifiers have 
a frequency response which is essentially 
flat up to 30,000 cycles per second. 

The saw-tooth oscillator which provides 
the timing axis is common for all three 
cathode ray tubes. Simultaneous events 
therefore appear at the same relative 
location on all three tubes. Should the 
occasion demand it, the tubes may be 
operated with separate timing axes. 
This is done by means of convenient 
connections located on the rear panel of 
the tube unit. To aid in aligning electric 
events occurring at the same time, ar- 
rangement is made for simultaneously 
marking the traces on all three screens. 

The usual means are provided for the 
adjustment of the vertical and horizontal 
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Figure 4. Block diagram il- 

lustrating the type and se- 

quence of activities performed 

by the control circuit of the 

automatic memory  oscillo- 
graph 
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Isolating 
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Control” 


Figure 3. The automatic camera unit open to 
view 
The camera and film loading cartridge are 
shown at the left 


gain as well as the vertical and horizontal 
positioning of the pattern for each tube. 
The saw-tooth oscillator may be inter- 
locked with the frequency of the circuit 
being investigated, with a 60-cycle 
voltage, or with any outside alternating 
voltage. 

The camera unit is shown in Figure 3. 
In addition to a lens and shutter, it con- 
tains a motor for automatically winding 
the photographic film and for closing the 
shutter after a picture has been taken. 
A step-type relay is included for the 
purpose of keeping count of the number 
of exposures made. By adjusting the 
knob of the relay, the unit may be preset 
to take a given number of pictures and 
then turn itself off. A maximum of 40 
photographs can be taken with one load- 
ing of film. This number may be in- 
creased by changing the film loading car- 
tridge and the step relay. 

The shutter is of the focal plane type. 
It is kept in position against spring ten- 
sion by a small movable latch placed 


Timi 

Timi 
Motor 

Control 


Exposure 
Counter 


amera Film 
Cartridge 


TRANSACTIONS lol 


7 a ¥ ie Oa ae i fa Co) Ae a 
‘ 7 
f oS ; * v a ‘ie. 8 Biles ey A 
h gi a a 
* Pa IF 


close to the poles of an electromagnet. Control Circuit . Figure 7 Photosraphik ie 
Release of the shutter is accomplished by gram obtained with the au 


exciting the current coil of the magnet. Figure 4 is a block diagram illustrating oscillograph connec 


The camera uses 35-millimeter film. the sequence of functions performed by The camera shutter coi 
Loading is accomplished by means of the automatic memory oscillograph con- A. The cathode ray beam 
standard film cartridges. For photo- trol circuit. The control is initiated by The time at which the tran 
graphing the green P1 medium-per- a voltage pulse applied to the grid of an given by the clock C. Memory tir 
sistence screen, panchromatic-xx film electron tube. This pulse may be sup- Bus arti. k 
gives excellent results. The lens has an _ plied by the transient voltage itself—or @a—-¢—Anode ere se i. 
opening of f1.5 and a focal length of three some other voltage pulse which occirs Main direct voles of the inverter ; 
inches. simultaneously with the transient to e,_¢—Grid to cathode voltage ma 


Figure 6. The automatic memory oscil- ACHSUPPLY 
lograph for use in the investigation of { | 
transients in an inverter ' 


A—Cathode-ray-tube unit 
B—Horizontal and vertical 
deflection controls 

C—Control circuit 
R,, Re, Rs—Potentiometers 
Rg—Grid resistor 
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Figure 8. Record of an oscillogram obtained 
_with the automatic memory oscillograph when 
_ the anode being monitored suffers preignition 


The ability of the oscillograph to record elec- 

" trical conditions preceding, during, and after 

the occurrence of a transient is clearly indi- 
cated. Memory time preset at 50 milli- 
: seconds 


be studied. As the input impedance of 
the control circuit is quite high, very 
little current is required for its operation. 

The first operation is a multiple one. 
‘The shutter is opened, a clock dial is 
momentarily illuminated, and an electric 
pulse is released to an isolating circuit. 
An adjustable time thereafter the beam 
blanking unit receives its impulse, and a 
second timing circuit is actuated. The 
latter operates the motor control unit 
which in turn resets the camera, excites 
the coil of the step-relay exposure coun- 
ter, and places the entire control circuit 
in readiness for the next transient to be 
recorded. The timing circuits are in- 
cluded in order to allow the adjustment 
of both memory time and exposure time. 
The clock mechanism insures that every 
oscillogram record contains the time at 
which the initiating transient occurred. 

Figure 5 is a schematic diagram of a 
control unit, which may be used success- 
fully to perform the sequence of opera- 
tions illustrated in the block diagram of 
Figure 4. 71, 72, T3, and T4 are gas- 
filled control tubes. T6 is a rectifier tube 
for the power supply of the unit, and T5 
is a voltage regulator tube. MS1, MS2, 
and MS3 are microswitches. 

When the circuit is ready for operation, 
the relay contacts, Rl, R2, and R3 are 
in the positions shown and tubes 71, 
T2, T3, and 74 are in a nonconducting 
state. Tube 71 controls the opening of 
the camera shutter and applies a positive 
voltage pulse to the grid of 72 which 
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serves as an isolating-tube. A variable 
resistor determines the time interval 
between the firing of tubes T2 and TS. 
The voltage pulse for operating the beam 
blanking circuit‘ is taken from the plate 
of T3. Tube 74 which will become con- 
ducting an adjustable time after 73 is 
fired, controls the operation of the motor 
that resets the camera and places the 
entire control circuit in readiness for the 
next transient pulse. The amount of 
motor travel is determined by two micro- 
switches MS2 and MS3 operated by a 
cam on the motor shaft. An additional 
microswitch MS1 is actuated by the 
shutter when it reaches the bottom of 
its travel. Operation of MS1 causes 
the momentary illumination of a syn- 
chronous clock mechanism located in the 
light-tight shield placed between the 
oscillograph unit and the camera. 

A bell may be placed across the termi- 
nals of the motor to attract attention 
when a transient is recorded. 


Performance of the Unit 


During operation, the cathode ray 
tubes are continuously energized. The 
vertical deflection inputs are connected 
to the voltage sources being investigated. 
Screen patterns of the desired sizes and 
positions are obtained by adjustment of 
the control for the horizontal and vertical 
deflection plates of the various tubes. 
The cathode-ray-tube accelerating po- 
tential and beam intensity are set to meet 
the memory time requirements, and the 
camera is loaded with sufficient film for 
the number of exposures desired. The 
stepping relay is set for the number of 
photographs to be taken. After arrange- 
ment is made for the transient pulse to 
operate the control circuit, the equip- 
ment is ready for operation. 

Upon the occurrence of a transient, the 
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Figure 9. Photographic record of an oscillo- 

gram illustrating a backfire followed by an 

arc-through on a polyphase mercury arc 
rectifier 


Memory time approximately 50 milliseconds 


camera shutter, normally closed, imme- 
diately is triggered open and the clock 
dial in the light shield is illuminated 
momentarily. Depending upon a preset 
delay time, the cathode ray beams are 
then extinguished. The fluorescent ma- 
terial on the cathode ray tubes retains 
the images on the cathode ray screens 
for a time sufficiently long so that suc- 
cessful photographic recording is accom- 
plished. After a fixed delay the camera 
motor operates, closing the shutter, 
winding the film to the next frame, and 
resetting the control circuit. This places 
the memory oscillograph in readiness to 
record the next transient disturbance. 

The accuracy of reproduction and the 
excellent frequency response of the 
oscillograph amplifiers make this cathode 
ray instrument suitable for the study 
of switching transients and other dis- 
turbances of short duration. In many 
instances the transient voltages being 
investigated are of such magnitude that 
no amplifiers are required. For success- 
fully recording transients of extremely 
high speed, cathode-ray-tube voltages 
higher than those used here must be 
employed.? 


Results 


The automatic memory oscillograph 
described here may be put to use in the 
study of randomly occurring transients 
in mercury are converters. Figure 6 is 
an illustration showing the instrument 
connected for recording faults in a mer- 
cury arc polyphase converter. The con- 
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Design and Measurements of Capacitor 


Discharge Welding Transformers 


T. W. DIETZ 
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Synopsis: A method is presented to cal- 
culate the size of core and windings of a 
capacitor discharge welding transformer re- 
quired to supply a given welding current. It 
is further shown how the resistance and in- 
ductance of a certain welder can be deter- 
mined from oscillograms of the current and 
voltage. The mathematical derivation of 
the formulas used is included. 


OR THE SPOT WELDING proc- 

esses, where high instantaneous or 
closely controlled welding currents are re- 
quired, an energy storage system will be 
of advantage. For this purpose, the 
capacitor discharge system has been de- 
veloped. One typical application for this 
type of welding is the light metals, like 
aluminum and magnesium alloys, which 
require a high instantaneous and also 
closely controlled welding current. An- 
other example is found in stainless steel 
whose welding current has to be of very 
short duration if carbide precipitation is 
to be avoided. 

A capacitor discharge welder funda- 


trol impulse is taken from a potentiom- 
eter placed across the direct voltage. 
Faulty anode firing will cause changes in 
the direct voltage and these changes 
initiate the operation of the oscillograph. 

Simultaneous oscillograms of the main 
direct potential e,.,, the anode to cathode 
voltage e,, and the grid to cathode 
voltage ¢,,, are obtained with a circuit 
similar to that shown in Figure 6. Figure 
7 is an illustration of a photographic 
record of faults occurring in an inverter. 
The memory time for this oscillogram 
has a preset value of about 50 milli- 
seconds. The reproduction does not show 
all of the ‘“‘memory’”’ present in the 
original film. The camera shutter coil 
received its impulse at A, and cathode 
ray beam blanking occurred at B. Time 
proceeds from left to right. 

The anode to cathode potential in 
Figure 7 shows that the disturbance 
recorded is due to the preignition of one 
of the inverter anodes. The regularity 
of the grid to cathode voltage indicates 
that the grid of the specific anode under 
observation suffers no ill effect due to 
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mentally consists of a series RLC circuit, 
with the energy originally stored in the 
capacitor and then discharged through 
the RL portion of the circuit by means of 
some switching device. 

The resistance and inductance of a 
typical aluminum welder are in the order 
of 50 microhms and 1 microhenry re- 
spectively. To quote a specific weld 
schedule for 0.102-inch 24 ST “‘alclad’”’ 
aluminum, this impedance must be 
matched with 2,520 microfarads to give 
peak current 0.029 second after the 
start of the current wave. It is the 
function of the welding transformer to 
effect this impedance match. 

A classical analysis of the circuit which 
has been worked out and expanded for 
the oscillating condition is included in the 
appendix. 

Let us first study the design of the 
transformer. For this purpose we in- 
vestigate a welder which has been built 
to make a given weld. The resistance and 
inductance of this welder can be obtained 


this transient. A study of the wave 
shapes shown reveals the phase in which 
the fault occurs and the moment of 
initiation. The time at which the oscillo- 
gram is taken is shown by the counter 
dial C in the figure. 

Figure 8 is an example of loss of grid 
control on the anode being monitored, 
and Figure 9 is an illustration of a case 
in which a “‘backfire’”’ and a subsequent 
“shoot-through’”’ occur. 


Concluding Remarks 


The automatic memory oscillograph 
can serve successfully in studying tran- 
sients of a random character. Oscillo- 
grams may be obtained which are of 
value in the investigation of faults in 
the operation of apparatus such as mer- 
cury arc converters. It is possible to ob- 
tain information concerning the type of 
fault, the moment of its occurrence, its 
duration, and its severity. These data 
are of value in stimulating research and 
development work on all types of elec- 
trical equipment. As a laboratory tool, 
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_ductanceso  ebtined wil remain relative 
‘cotistant over a wide variation of curren 
wave lengths, so this value can be use 
without appreciable error, but the resist- 
ance may vary by 100 per cent or more 
due to skin effect as the wave length de 
viates from one-half of a 60-cycle wave. 
The curves in Figure 1 show the ratio of 
60-cycle resistance to actual he a 
under capacitor discharge conditions for 
various wave lengths of a standard ‘“Hi-— 
Wave’”’ welder. 

For determining the size of a trans- 
former core of a new welder, the desired 
time 7, to the first peak current, the 
value I, of the first secondary peak cur-— 
rent necessary to do the welding job in 
question must be known from previous 
welding experience, for they are the 
fundamental requirements to which the 
welder shall be designed. : 


Then, as shown in the appendix, 
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the automatic memory oscillograph may 
far surpass the ordinary oscillograph in 
utility. Its application to the study of 
physical phenomena in all branches of 
engineering where random transients 
must be investigated is only a matter of 
time. The study of mechanical tran- 
sients by converting them into electric 
pulses suggests itself. The advantages 
possessed by virtue of the fact that the 
operation of this oscillograph is com- 
pletely automatic, are obvious. 
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Figure 1. Variation of 
welder resistance as a 


A—Ratio of actual resist- 

anceunder capacitor dis- 

charge welding condi- 

tions, to 60~ resistance, 

as a function of time to 
peak current 


B—Total welder resist- 
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ance referred to the 
secondary winding plot- 
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, 


a 
-where 


$7 =maximum flux change 
'N2=secondary turns 
_R.=total resistance referred to secondary 
(hms) 
_I,=total inductance referred to the sec- 
4 ondary (henrys) ; 
X(7>) =a function of 7, (see Figure 2) 
_TR 

T 205 


T, = time to zero current (seconds) 


To 


The desired wave to make a given weld 

usually is expressed in terms of maximum 
current, and time to maximum current 
Tn; but T, is required to solve equation 

35. Equation 28 shows the relationship 
of T,, and T,, and can be solved for T, in 
the following way 


Determine 
Re 
=— if 
£(To) oL. 
Obtain 7, from the curve g(7,) in Figure 2, 


2L2 
andcalculate T, =— a7, 
Re 


Having evaluated 7,, the amount of 
X(7,) can be taken from the curve in 
Figure 2. The size of flux ¢7 so obtained 
will be the total flux change. The first 
weld will leave the core magnetized with 
a residual flux which will vary with the 
type of core construction and the type of 
transformer steel used, but, in any case, it 
will be high enough to require a core of 
very large cross section unless it is com- 
pensated for. There are three ways to 
take care of this condition. 


1. An air gap in the core for small trans- 
formers. 


2. Amagnetic flux bias by means of a direct 
current between welds. 


8. Alternate reversal of the direction of the 
discharge through the welding transformer. 


The third method will allow a simple 
economical design and therefore will be 
described in detail. 

The residual flux for standard Hi-Wave 
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ted against time to peak 
current 


transformers, when worked to maximum 
permissible flux density, is 42,000* lines 
per square inch and the core, which is 
made of special transformer steel, may be 
magnetized to 111,000 lines per square 
inch without measurable difference be- 
tween primary and secondary ampere 
turns of the load current. This gives a 
maximum permissible flux density change 
per weld of 42,000 + 111,000 lines per 
square inch so that the net core area is 
total flux, as calculated by equation 35, 
divided by 153,000. Heating due to 
core loss need not be considered as even 
the highest welding speed possible at pres- 
ent would amount to only a very few 
cycles per second. 

As can be seen from the problems just 
discussed, the accurate design of the core 
of a capacitor discharge welding trans- 
former requires considerable experience, 
and measurements of similar setups, 
since most of the quantities which must 
be considered as known, vary with chang- 
ing conditions of design, wave shape, and 
method of manufacture. 

The next point for consideration is the 
copper. 

Determination of effective current for 


* The method of determining the residual flux 
will be presented later in this article. 


function of wave shape ~ 


the general circuit, that is for all com- 


_binations of L, R, and C, from the over- 


damped wave to a violently oscillating 
wave, is rather cumbersome from a 
mathematical approach. 

A very large percentage of the total 
energy stored in the capacitor is lost in 
the welder and transformer so that we 
may assume, for design purposes, that the 
circuit must dissipate the total stored 
energy which may be expressed as 


J=1/,CEH? 


joules per weld where 


; Tog : : 
car ited | 10® microfarad (29) 
C represents the capacity of the capaci- 
tor (microfarad). h(r,) can be taken from 
the curves in Figure 2. 
The rate of energy dissipation or 
power will become 


P=1/jCkt= (1) 


Where J = energy in joules and S = 
average welding speed in spots per min- 
ute. 

The power dissipated in the trans- 
former will bear the same relation to the 
total power as its resistance referred to 
the secondary winding will bear to the 
total circuit resistance. It remains 
only to pick a desired efficiency 7» and, 
with welder resistance R, known, to de- 
termine the corresponding total trans- 
former resistance R, referred to the 
secondary winding by the relationship 


1 
De com = _ 1) With the resistance 


R, determined, the copper sections can be 
calculated. 

We now have iron cross section and 
copper cross section which furnish the 
physical size of the welding transformer. 
Having the loss and physical size, the 
temperature rise can be determined ac- 
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cording to standard transformer design 
practice which is outside the scope of this 
paper. The temperature rise may dictate 
water cooling which can be applied to the 
usually one turn secondary winding (see 
Figures 5 and 6), or it may require an in- 
creased copper section, or both. : 

The turns ratio remains to be fixed, and 
may be calculated from the expression 


Ni _ 22k (70) aS) 
N. IeaRs 


K(r,) can betaken fromcurvesin Figure 2. 


Measurements 


The accuracy of a design, such as we 
just have considered, will depend largely 
on the experience of the designer and can 
be relied upon only when a suitable safety 
factor is applied which would be the cor- 
rect procedure for one-of-a-kind design. 
When the design is to be used for a stand- 
ard-line, a pilot unit should be built and 
accurate measurements made in order 
that some of the original assumptions may 
become definitely known quantities. _ 

As has been stated before, all the char- 
acteristics which are considered more or 
less constant in the average electric cir- 
cuit vary as the turns ratio and capacity 
are varied. It is, therefore, necessary to 
make measurements under the desired 
conditions, or over a range of capacity 
and turns ratio so that curves can be 
drawn. 

Oscillograms are to be made of the 
primary current, of the capacitor voltage, 
and of a timing wave, usually 1,000 cycles. 
(See Figure 3.) From this we can meas- 
ure all characteristics of the wave neces- 


Figure 3. Oscillogram taken in the primary 
circuit of a capacitor discharge welder 


A—Masnetizing watts 
B—Masnetizing current 
C—Primary current 
D—Induced voltage 
E—Capacitor voltage 


= 


a 


and inductance of the welds d r and 


a) 
sary Wier determining pr 
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former circuit. 


The inductance L; referred to the ae 
mary winding can be calculated according — ‘ 
to equations 27 to 30, by substituting 


valves for g, h, and k, as 


T,tan’ 
0 th oro 


= & 
nel 1+tan? 7) 
. De 


The inductance J, referred to the second- 
ary winding may be found from the rela- 
tionship 


where a = turns ratio. 

The next step is the determination of 
the resistance of the circuit. From equa- 
tion 31 we find 


Iiy  —wro 
—=€E 


= (31) 


Where J, and J, are peak values of the 
primary current for the first and second 
half cycles respectively of the oscillating 
wave. 

From equation 31 we find 


logig — (2) 


Having obtained actual values of R, 
L, Tm, To, and I, it is possible to make a 
more accurate determination of total flux 
change, equation 35. In addition to this 
we will have to find the magnitude of the 
actual core flux. Furthermore, the entire 
mathematical analysis presupposes that 
applied voltage isequal to induced voltage, 
which is notstrictly true, dueto JR and 1X 
drops in the transformer primary winding. 
The flux change, therefore, must be deter- 
mined from induced voltage oscillograms. 


Rey 
J 


1000%™% TIMING WAVE 
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If the total flux cl 
weld is on, the residu 


is Sagneiaes rok fe Fi 
we may write 


ot =¢;+4m 


The unsymmetry of the hysteresis loop 
describing the reversal of the flux shall be 
neglected. Since we can test direct! 
only ¢7, we must find a method to deter 
mine one of the other two quantities, 
or dm, in order to apply equation 3. 

It was decided to measure the flux ¢ 
As there are no pole manifestations on a 
transformer core, this could be done only 
by comparing the magnetizing current of 
a typical transformer with a d-c magneti- 
zation curve of the same transformer 
which had been prepared from 60-cycle 
oscillograms. To obtain the magnetizing 
current, it was necessary to connect the 
transformer primary winding in parallel 
with another identical transformer which 
had been installed in a welding machine 
in the normal manner. Both trans- 
formers had the same residual ¢,. The 
voltage wave form of the transformer 
under test was identical with that of the 
transformer which actually was welding, 
and as the test transformer’s secondary 
winding was open, its primary winding 
carried only magnetizing current. After 
several previous discharges with the same 
energy, an oscillogram of the magnetizing 
current was taken, and its peak value was 
compared with the d-c magnetization 
curve to determine the flux ¢,. This 
value of , is subject to the same error as 
that caused by considering capacitor 
voltage to be the same as transformer in- 
duced voltage, because the primary wind- 
ing of the test transformer carries only 
magnetizing current, and hence the dif- 
ference between induced voltage and ap- 
plied voltage will be negligible. This 
means that the test transformer’s induced 
voltage will be equal to the welding trans- 
former’s applied voltage. A correction 
factor for any one setting of capacity, 
voltage, and turns ratio can be estab- 
lished. If the total flux change is calcu- 
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Hoes 5. Standard “Hi-Wave" welding 
transformer 


lated on the basis of capacitor voltage and 
called @7¢ and again is calculated on the 
basis of induced voltage and called ¢7z, 
then the actual flux to which the iron is 
excited may be stated as 


See de (teat) (4) 
ore 


if we assume the ratio of the corre- 
sponding residual fluxes ¢, is the same as 
that of the main fluxes¢,, and¢,, (test). It 
now remains to determine the total flux 
change accurately. 
The fundamental voltage equation is 
do 


= N— X1078 5 
e=NT x (5) 


where 


N=number of turns 
e=instantaneous voltage 


From this we can write 


108 (-# 
o=— edt (6) 
N rat 


where ft, represents the time at the begin- 
ning of discharge and ¢, any time there- 
after. Then Siredt represents the area 
under the voltage curve which equals 


te (average) (7) 
so that we may write total flux change 
0% 


or= we (average) (8) 
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Inspection shows that this expression 
holds completely only for an oscillating 
condition where T, is finite, since in a case 
where T, is infinite, e will approach o and 
the expression becomes indeterminate. 
Equation 8 can be evaluated, however, for 
any portion of the wave so that we may 
evaluate from ¢ = 0 to a value of ¢ where 
e (instantaneous) is practically equal to 
zero, 

The value te (average) may be obtained 
from the area under the oscillogram of the 
voltage e by some graphical method. 

In this way ¢7¢ can be determined from 
an oscillogram of the capacitor voltage. 
An induced voltage oscillogram will give 
the actual total flux change ¢rz. 

The induced voltage can be measured 
by placing a search coil of several turns 
evenly distributed on the center core leg 
next to the iron. 

To summarize: 


1. Total flux change ¢7z can be determined 
by applying equation 8 to an induced volt- 
age wave. 


2. Maximum flux to which the core is 
excited is according to equations 4 and 8. 


_te (average) from induced voltage 
te (average)from capacitor voltage 


bm (test) (9) 


where ¢,, (test) is read from a magnetiza- 
tion curve of the transformer in question, 
having measured its magnetizing current 
as described previously. 

This method of determining maximum 
flux and flux change was developed to 
measure accurately the flux conditions 
of a previously designed line of trans- 
formers with a view of possible refinement 
of the design. Its usefulness lies in the 
fact that any piece of equipment whose 
induced voltage can be recorded on an 
oscillogram may be investigated, regard- 
less of the complexity of the induced volt- 
age wave. 

Pictures of the assembly and of the 
secondary winding of a standard Hi-Wave 
CC1T capacitor discharge welding trans- 
former are shown in Figures 5 and 6. 


Appendix. Mathematical 
Analysis 


Figure 7 shows a simplified capacitor dis- 
charge welding circuit for which we will use 
the following symbols: 


e=voltage across capacitor (volts) 

E=maximum or initial value of e (volts) 

C=capacitance of capacitor (farads) 

R,; L,=total resistance (ohms) and leakage 
inductance (henrys) of the welding 
transformer referred to the secondary 
side 
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_ we “Whee o_o: ) eee: 
’ ‘ 


Ry; Ly =total resistance (ohms) and induc- 
tance (henrys) of the external second- 
ary welding circuit 

Re; Lc=total resistance (ohms) and induc- 
tance (henrys) of the external pri- 
mary capacitor circuit ; 

Ry; L,=resultant resistance (ohms) and in- 
ductance (henrys) referred to the 
primary side 

R.; L,=resultant resistance (ohms) and in- 
ductance (henrys) referred to the 
secondary side 

™; N2=primary and secondary number of 
turns 


\ 


_ Mt i ti 

a N, urns ratio 

hh; 72=primary and secondary currents 
(amperes) 

lh; I2=maximum values of 4% and % (am- 
peres) 

Taj Thy; Teg; Tey = first and second maximum 
values of 1; and 72 for oscillating dis- 
charge (amperes) 

kvacg=power rating of capacitor referred 
to 60-cycle excitation (kilovolt-am- 
peres) 

¢rp=maximum flux change of magnetic core 
flux of welding transformer (max- 
wells) 5 

T=time (seconds) to any current peak’ 
uy =/T, 1 OF to =I]; 2 

Tm =time (seconds) to first current peak 

T)=time (seconds) of half cycle of 4 and 2 

Tg=time (seconds) to first zero e 

n=number of current peaks up to time T 


Since R, and L, of the capacitor circuit 
may be neglected, we may write 
Re=R,+-Ry; Le=L,+Ly 


The general circuit equations are 


d Wy diy Vy 
ne Ri-—+== 
pak Bars 
de 
= Cc — 
a dt 
Introducing 


ae ea 
2 (=) Cc sé 


“Hi-Wave”’ 


transformer secondary winding 


Figure 6. Standard welding 
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= Lw 
c — 
i Relt 
== 
Figure 7. Simplified capacitor discharge 


welding circuit 


The complete solution is 


where A and B are constants of integration. 
A and B are determined from the boundary 
-conditions t=O; =O; e=E so that we ob- 
tain 


(11) 


Ary [& 
e=Ee — 
2 
to get the maximum value J, of 7, determine 
di 
— from equation 11, equate to zero, solve for 


sinh rit cosh 71] (12) 


dt 
t, introduce =a; a?Re=Ri; a2L,=Ly, 
and obtain 
1 HE. 
=— tanh~! — 13 
= (13) 


Ar Br 
hapye Ao am Bel. glut ehKlA) 
I; I 
The foregoing solutions are general. For 
a numerical application the following three 
special cases should be considered. 


Case 1. Aperiodic Discharge 


R 
( BY) >% re -Z of equation 10 is real so 


that we may apply equations 10 to 14 di- 
rectly. Since there is only one maximum 
I,=Tq or I2=Ieg of the currents 7 and 1, 
we nay write T=7,, and obtain for 


CE? 


k =- (2760 
vac= 5( F000 


the expression 
Ro 


Tim 
kvag =0.1885Iog?Lo€ (15) 


or 


kvac =>1 Alog*Le 
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Figure 8. System of current and voltage oscil- 
lations of the primary capacitor circuit 


A—Capacitor voltage e 
B—Primary current iy 
C—Time t 


Case 2. Periodic Discharge 
2 
(2) < eh Z of equation 10 is imaginary 
so that we transform 
RY La; \" ey 
2 5 G 2 
By using a real 


(16) 


Ry 
, Een in 2 
‘e ii (17) 
RO 
e=E ue E sin zit cos 71| (18) 
e i 
Tn=F tan-1—, T=Tnt(n—Iay (19) 


The expressions for J, and Jz remain the same 
as in equation 14 while [2 and Jog are rep- 
resented by 


Buy - ie 

hema pee! PS an fib 

lgwB alae oll ial eeee 
ee 27 


Kva, is given by equation 15 and lies be- 
tween the limits 


(20) 


0. 1885Ieq?Lo< kvag< 1 Ala? Lo. 


Case 3. Limit of Aperiodic Discharge 


Ri\? 1 
OW amie Z becomes zero. In substitut- 


ing Z=0 in equations 17 to 19 we have to 
evaluate the expressions 


SA 2Z 
Slilyess= t tan yaa 
; Ty t : ( R ices 
lim = lim hints 
Z—>0 Z ly Z—>)\ Z/Li 


and obtain, instead of equations 15 and 17 
to 19 


Rit 


44 =— te 2Ly 


Ly (21) 
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(22) 
(23) 


(24) 


kvac=1.4],*Lp (25) 
In spite of the fact that equations 11, 17, and 
21, for example, are of greatly different form, 
it can be seen from the reasoning in develop- 
ing equation 21 from 17, and a similar proc- 
ess could be applied to develop equation 21 


Rive, 
from equation 11, that for @r — the 


2 co 
equations 21 to 25 could be used, without 
great error for either case 1 or 2. 

For the purpose of machine design, equa- 
tions 15 to 20 for the periodic discharge 
case 2 shall be transformed so that the de- 
sired machine constants may be determined 
for any specific wave form. In this analy- 
sis R, and Lz are fixed with the selection of 
the size and form of the welding throat as 
well as of the efficiency and per cent im- 
pedance of the welding transformer. J, and 
Tm are determined by the desired welding 
effect, and E may be fixed if we standard- 
ize on a certain value of capacitor voltage. 

If instead of 7,, the time T, of the first 
half current cycle is introduced, it will be 
possible to determine explicitly, all other 


values, like a ==, Tia; E; 7; Ly, and R; as 
c 2 


functions of the given circuit constants. 
T, is obtained from equation 17 for i=o by 


Lyx Ly fl R\? 
a =e! = a 3 
a= id - (2) (26) 


This value of T, is introduced into equa- 
tions 15 to 20 by combining the functions 


Tas 
To=— | 
Tv 2L2 | 
g(r9) =7, tan—!— 
To 
h(r9) = €9(r0) f (27) 
Ps 1 / 
kr.) 
) V/1+72 h(t) | 
(10) = — hr |= E at | 
$ V1 +7)? nf R(t) 


(ro); h(ro); k(ro); (ro) are plotted against 
To in Figure 2. Using the values taken from 
these curves, we may write instead of equa- 
tions 15 to 20 


21 
Tm=p. &(70); T=Tm+(n—1)T,; 


7 Te = lt oe fi (28) 
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Phonograph Reproducer Design 


W. S. BACHMAN 


NONMEMBER AIEE 


HONOGRAPH reproducers, which 
convert the mechanical motion of the 
stylus to a corresponding electric voltage, 


_ have been in commercial use for the past 


two decades. They have employed a 


_ wide variety of voltage generators such 


as carbon microphone buttons, variable 
Teluctance magnetic circuits, moving 
coils in magnetic fields, and Rochelle 
salt crystals. Although excellent per- 
formance has been obtained with many 
of these types, there has been a continued 
effort to reduce the mass of the moving 
system and to simplify the mechanical 
construction, even to the extent of 
sacrificing output voltage. 


While the carbon button type of re- 
producer was one of the first to appear, it 
was soon outmoded by subsequent types. 
The variable resistance principle, how- 
ever, again is employed in one of the 
reproducers to be described in this paper. 
An important difference between it and 
the carbon button type is that the vari- 
able resistance element is a fine metallic 
wire the resistance of which changes in 
response to strain. These wires may be 
of the same material as is used in strain 
gauges, but in this case there is no need 
to determine the absolute value of the 


Paper 46-32, recommended by the AIEE committee 
on communication for presentation at the AIEE 
winter convention, New York, N. Y., January 
21-25, 1946. Manuscript submitted November 19, 
1945; made available for printing December 17, 
1945. 


W. S. BacHMAN is with the General Electric Com- 
pany, Bridgeport, Conn. 


Hf 2 
& =1| i | 106 microhms (29) 
or 

Ly 
tae 
re aad (30) 
No on Re 
or 

Ne 2Rk(r9) 
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ai aE 
a Dpeen fed =— e770 (31) 
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strain, since only the voltage resulting 
from the change in strain is utilized. This 
imposes the requirement of linearity, if 
distortion is to be avoided, which easily is 
met by most of the commonly used strain 
sensitive wires. Measurements have 
shown that the ratio of change of resist- 
ance to change of length is constant 
through and even beyond the elastic limit 
of the wire.! 

One of the first successful designs em- 
ploying a wire resistance strain ele- 
ment is shown in Figure 1. The stylus is 
carried in a small cantilever beam 9, and 
the strain element 14 is attached to it at 
a point about 1/3 of its length from the 
fixed end. The strain wire is held in 
tension sufficient to stress it about half- 
way to its elastic limit by the piano wire 
springs 15, and the Textolite pins 16 serve 
as snubbers to prevent the tension springs 
from following the motion of the canti- 
lever. The circuit employed to polarize 
this reproducer is shown in Figure 2. 

Since the voltage derived from the 
strain is proportional to the displacement, 
the output of this reproducer is propor- 
tional to the displacement of the stylus 
by the record. This makes it easy to 
check the frequency characteristic without 
knowing the actual displacements which 
are pressed on a frequency, or constant 
tone record. If the same band is driven 
at various speeds, the amplitude of the 
reproduced wave should be the same. 
This was found to be true from 10,000 
cycles down to the low frequency reso- 


to To _ mie 3 t 
—_—= € To sin 7 — (32) 
I 2a k (79) To 
t 
é —Tor : t t 
aus ir sing + cos >| (33) 
Oo 0 
kvag =0.1885L2 [Iogh(r9) J? (34) 
Calculate also 
Te e108 
= — dt 
or f ™, 
0 
and obtain 
1 
b7 = —T9L21 08 (79) (35) 
N2 
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nance except for a wave form distortion at 
about 6,500 cycles, which was found later 
to be caused by the second mode of vibra- 
tion of the cantilever which occurred at 
13,000 cycles. This could be damped 
readily by placing a small block of a ma- 
terial such as Pyralin approximately at the 
loop of the second mode of vibration, at 
which point a negligible amount of loading 
would be reflected to the stylus tip for the 
fundamental mode of vibration. These 
modes of vibration are shown in Figure 3. 

Although the output voltage was low, 
about —65 decibels below 6 milliwatts 
with a displacement of 0.0003 inch 
(Columbia WT-1, frequency record, 1,000 
cycle band), the performance was very 
nearly ideal. In order to avoid varia- 
tions in tension the design shown in Figure 
4 was evolved. The strain wires were 
soldered to 1/16 inch diameter rods which 
were free to move axially in holes pro- 
vided in the Textolite mounting block. 
The tension, as previously, was applied 
by means of piano wire springs, but in- 
stead of the snubbers the rods were lu- 
bricated witha viscous liquid which readily 
permitted them to move slowly in an 
axial direction to equalize variations in 
tension in the strain wire, but offered a 
high impedance to the motion resulting 
from the rapid strain variations due to the 
useful stimulation of the cantilever. In 
other words the strain wires were resist- 
ance terminated. 

Another solution of the termination 
problem is shown in Figure 5. In this 
model use is made of the fact that an in- 
crease in strain on one side is accompanied 
by a decrease on the other. If both ends 
were terminated at the same point, the 
two forces would balance out. The tiny 
bell cranks 35 at the root of the cantilever 
serve to change the direction of the strain 
by approximately 90 degrees, and the ends 
ef the strain element both are attached to 
the yoke 36, which applies the desired 
tension to them. 

All of these designs require the use of 
the strain elements under tension, restrict- 
ing their operating range to about half of 
their potential range. In order to make 
use of the compression as well as the ten- 
sion range, the design in Figure 6 was de- 
veloped. Although not shown in the 


Figure 1. Early form of strained wire resistance 
reproducer 
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figure, the back end of the cantilever 55 
is fastened to a stud which mounts rigidly 
to the tone arm. In it the strain wires 
were cemented to the cantilever itself to 
measure the strains in the outer fibers of 
the beam. Being attached in repose, they 
are subjected to both tension and com- 
pression. Although a strain element need 
be applied to only one side of the canti- 
lever, it actually was applied to both, 
_ principally to permit balancing of the 
direct current in the primary winding of 
the input transformer. In this form the 
resistance reproducer lends itself readily 
to the application of a new technique for 
the damping of the resonance between the 
supporting arm mass and the suspension 
compliance, 

It is usual, in most pickup designs to 
obtain damping of this resonance by in- 
troducing some dissipation in the pivots 
or bearings, such as by the use of rubber 
sleeves or blocks on the axis of oscillation. 
This imposes an additional load upon the 
record, as may be seen from a study of the 
electrical equivalent of the mechanical 
system, as shown in Figure 7. 

Inspection of the equivalent electric 
circuit of such a reproducer, Figure 7B, 
shows that the presence of R is desirable 
to limit the impedance rise at the reso- 
nance frequency. In the useful audible 
range above the resonance the proper 
operation of the pickup depends upon the 
motion of M being negligible in response 


Figure 4. Strained wire resistance reproducer 
with means for maintaining uniform tension in 
resistance wire 
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Figure 2. Circuit for 
polarizing variable 
resistance reproducer 


Figure 3 


A—Normal mode of 
vibration of canti- 
lever stylus support 
B—Second mode of 
vibration 


to signal stimulation. This requires that 
practically all of the applied motion be 
suffered by R and C (practically all of the 
current must travel through the path 
R, C). If R were omitted, the needle 
point impedance would decrease with 
frequency, but in the equivalent circuit 
it readily is seen that it can never drop 
below R as the frequency increases. 

To give a quantitative illustration of 
the importance of this problem, consider 
a pickup and tone arm assembly having an 
effective arm mass (referred to the needle 
point) of 30 grams and a suspension com- 
pliance of 10-* centimeter per dyne. For 
critical damping of the arm resonance it 
would require 


4M 4X30 
Ree = 120X108 


R=10.9X108 dyne seconds 

centimeters 

Under stimulation of 15 centimeters per 
second, a quite usual value of velocity, a 
lateral force of 


F=RV—10.9X10*X15=165X 10 dynes or 
167 grams 


would be developed. Assuming 45-de- 
gree inclined groove walls, a bearing 
weight of 5.9 ounces would be necessary 
to keep the needle in contact with the 
groove, 

Of course it is not necessary to provide 
critical damping of the tone arm reso- 


Figure 5. A\lternate form of strained wire 
resistance reproducer in which opposing strains 
are balanced against each other 
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bearing upon the record 


to jump out of the groov 
uneven record. In ma 


this reason alone. i‘ 
Because of the extremely small 
the generator unit shown in Figure Y 
the fact that the output voltage is ob- 
tained as a result of the bending of the 
cantilever only, it became possible to ap- 
ply a new arm resonance damping tech- _ 
nique. The mechanical schematic of cie.9 
system is shown in Figure 8A. The elec- ; 
trical equivalent of the system is shown in — 

8B. It is obvious in the circuit of 8B 
that the resonance may be damped criti- 
cally without any increase in the mechan- — 
ical impedance above resonance. Such a 
system is not mechanically stable, how- 
ever, as is evident from inspection of 4 
Figure 8A. In this mechanical system _ 
there is no restoring force available to _ 
keep the needle point and the arm from 
wandering away from each other as energy 
is dissipated in R. In other words the 
resistor must be restricted from any except 
oscillatory motion. This is done by the 
system shown in 8C and 8D. If C is 
made very large, the circuit of 8B ap- 
proaches the performance of 8C, except 
that a new resonance, which would be 
damped only very lightly, appears at the 
frequency where the reactance of C; and 
C2 in parallel is equal to the reactance of 
m. By proper choice of C; and C2, R may 
be made effective for both resonance fre- 
quencies, as may be seen from the curve 
of mechanical impedance at the needle 
point versus frequency shown in Figure 9. 
Figure 10 shows a design of the resist- 
ance pickup employing this new type of 
arm resonance damping. Corresponding 
to the element R in Figure 8 are the rub- 
ber sleeves bearings 72, and the Pyralin 
disc 74; all are in torsion. The compli- 
ance C; is that of the spring 80. This re- 
producer with only 15 grams of bearing 
weight on the record would not leave the 
groove even with quite violent shocks ap- 


Figure 6. Strained wire resistance reproducer 

element having strain wires applied directly to 

the cantilever to measure strain in its outer 
fibers 
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Figure TA (above, left). Mechanical sche- 


. 
7 
, 
i 
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matic diagram of a reproducer having damping 
_ material at its pivots 


F =force exerted by needle upon record 

-C=compliance of suspension 

R=mechanical resistance represented by the 
damping material 


_ Mass of needle is neglected being insignificant 
at low frequency 


4 
3 =mass of cartridge and arm 


:. Figure 7B (above, right). Electrical equiva- 
lent of mechanical system shown in Figure 7A 


a 
_ (motions of the mechanical elements are repre- 
_ sented as currents in the electric network) 
i 


a. 
g plied to the motor board and turntable. 
_ The effect of this damping system was 


- 


j observed by watching the displacement 
_ output of the reproducer on an oscillo- 


scope while a tone band of a frequency 


record was allowed to coast down from 
rated speed to zero. The observed ampli- 


_ tude remained uniform until the resonant 


frequency, approximately 25 cycles, was 
nearly reached, below which the ampli- 


_ tude dropped smoothly. No rise before 


cutoff occurred. 
While the strained wire resistance re- 


_ producer provides nearly ideal perform- 


ance, the techniques acquired during its 
development are by no means limited to 


Figure 9. Low frequency needle point im- 
pedance and response of magnetic phonograph 
reproducer 


© Measured values 
Response “= 


C =0.875X10-® centimeter per dyne 
C,=3.54X107* centimeters per dyne 
R =6,000 dyne seconds per centimeter 


MECHANICAL REACTANCE — OHMS 


5 10 20 40 80 


FREQUENCY — CYCLES PER SECOND 
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Figure 8A (above, upper left). Mechanical 


_ schematic diagram of a reproducer having a 


preferred form of low frequency resonance 
damping 


Figure 8B (above, upper right). Electrical 
equivalent of system shown in Figure 8A 


Figure 8C (above, lower left). Practical me- 
chanical system retaining advantages of ideal- 
ized system shown in Figure 8A 


Figure 8D (above, lower right). Electrical 
equivalent of system shown in Figure 8C 


its type of generator element. The fol- 
lowing is a description of a variable reluc- 
tance or magnetic type of reproducer em- 
bodying similar mechanical design con- 
siderations. 

The fact that even a simple cantilever 
carrying the stylus at its free end required 
some damping to restrain its second mode 
of vibration, as mentioned in reference 
to Figure 3, made it very evident that no 
more complicated system could be relied 
upon to transmit the motion of the stylus 
tip to an armature or reed without intro- 
ducing a frequency characteristic describ- 
ing their relative motions. Accordingly a 
design was worked out in which the arma- 
ture is right at the stylus, so that the 
motion of the armature is inseparably that 
of the stylus. Obviously this design could 
have no frequency characteristic as long 
as the stylus properly traces the groove, 
the output voltage being proportional to 
the stylus velocity. 

The armature is a steel ribbon having a 
cross section of 0.010 inch by 0.030 inch. 
As may be seen from Figure 11, it has a 


/ 
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Figure 10. Design of strained wire resistance 

reproducer utilizing element of Figure 6 and. 

having damping applied as shown schemati-. 
cally in Figure 8C 


90 degree twist near the fixed end, which 
makes possible nearly as much compli- 
ance in the vertical direction as is pro- ~ 
vided laterally. This is desirable to per- 
mit the stylus to recede within the guard, . 


_ provided by the two pole faces, when sub-~ 


jected to excessive downward forces such 
asin dropping. The small block of Pyra- 
lin just forward of the twist provides suffi- 
cient damping to restrain the second mode 
of vibration of the cantilever, which has. 
already been discussed. At the free end 
the width of the armature is increased to. 
receive the stylus. The dynamic mass. 
of this stylus armature assembly is im 
the order of 8 milligrams. This mass is. 
suspended on the spring, represented by 
the cantilever, the mechanical schematic 
of which is shown in Figure 12A. The. 
electrical equivalent, Figure 12B, is a 
simple series circuit which expresses the. 
mechanical impedance at the stylus tip. 
At low frequencies the system is stiffness. 
controlled, and the impedance therefore. 
decreases linearly with frequency until 
the resonance of M, and C is reached. 
The impedance at this resonance becomes. 
very nearly zero, since very little me-~ 
chanical resistance is reflected to the sty- 
lus tip from the Pyralin damping block 
attached near the fixed end of the canti- 
lever. This, then, is the frequency at 
which practically no force is required to. 
move the stylus, and with the values of 


Magnetic or variable reluctance. 
reproducer 


Figure 11. 


MAGNET CaRTRIDGE 
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Figure 12A (left). Mechanical schematic of 

the stylus cantilever assembly. The fixed end 

of the cantilever is assumed to be rigid, which 
is very nearly so at high frequencies 


M, C 


M, is the dynamic mass of the stylus assembly 
C is the compliance of the suspension 


Figure 12B (above, right). Electrical equiva- 
lent of system shown in Figure 12A 


dynamic mass and suspension compliance 
noted previously it occurs at approxi- 
mately 2,300 cycles per second. 

Above this resonance the system is mass 
controlled, the impedance rising linearly 
with frequency. Because the mass is so 
small, this system will remain in contact 
with both side walls of a 45 degree inclined 
side wall groove under acceleration of 
2,000 g with a bearing weight upon the 
record of only 16 grams. 

The mechanical system shown in Figure 
12 accurately represents the needle point 
impedance except at the low frequency 
end of the range, where the dynamic mass 
of the arm and cartridge resonates with 
the compliance C. This condition was 
discussed with reference to Figure 8, and 
the same treatment for the control of 
this resonance is applied to this magnetic 
design. Again referring to Figure 11, the 
poles, coils, magnet, and armature all are 
mounted upon a chassis which is spring- 
mounted to the cartridge and arm as- 
sembly. Between the chassis and car- 
tridge another block of Pyralin is inserted 
which provides the mechanical damping 
resistance, R. The mechanical system of 
the magnetic reproducer is shown in Fig- 
ure 13A. It differs from that of Figure 
SC in the presence of M,. If this mass 
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Figure 13A. Mechanical schematic of mag- 
netic pickup 


M, is the dynamic mass of the stylus assembly 

C is the suspension compliance 

M, is the mass of the coils, poles, and magnet 

assembly 

Ris the arm resonance damping 

Cy is the compliance which provides the oper- 
ating point for R 

M is the cartridge and arm mass 


is too large, the resonance of Mz with C 
and C2 in series may be low enough so 
that R is not very effective, giving an- 
other frequency at which high impedance 
appears at the needle point. If Mz: is 
small enough to avoid this condition, it 
may be neglected. In this particular 
design the total weight of the magnet, 
coil, poles, and chassis assembly is ap- 
proximately two grams. Figure 9 shows 
the calculated mechanical impedance, Z, 
of the magnetic reproducer, taking M2 
into account. The two asymptotes which 
the curve approaches correspond to the 
reactances of the suspension compliance 
C, and the total mass, M, and M. It is 
seen that the resonant rise is very slight. 

The frequency response characteristic 
of this reproducer may be calculated by 
finding the ratio of the admittance of the 
path through C, referring to Figure 9, to 
the total admittance of the circuit. This 
is the same as the ratio of the motion of 
the cantilever to the motion imparted to 
the stylus tip, the open circuit voltage 
output of the reproducer being propor- 
tional to the velocity of motion of the 
cantilever. The network may be con- 
sidered to be fed from a constant current 
source, the record groove being a stiff or 
high impedance source. 


Bachman—Phonograph Reproducer Design 


Figure 13B. 


Also plotted in Figure 9 are measured 


values of response which were obtained 
by first measuring the output of the 
cartridge supported in an arm, and re- 
peating the run with the cartridge 
clamped in a vise, the ratio of these values 
indicating the low frequency response. 
The source for these measurements was a 
crystal cutter head the exact mechanical 
impedance of which was not determined 
but which, because of the head’s very 
evident stiffness, was regarded to be high. 
The agreement with the calculated re- 
sponse is reasonable considering this and 


Electrical equivalent Of system of | 
Figure 13A 4 


also that the damping material is not a — 


pure mechanical resistance. Similar 
technique was employed as mentioned 
previously in the case of the resistance 
pick-up for determining the response in 
the range above arm resonance, with the 
important difference that the electric 
output was integrated before being fed 
to an oscilloscope. Under these condi- 
tions no change in amplitude of the trace 
was observed, regardless of the rotational 
speed, below 78 rpm at which any tone 
band from 10,000 cycles down was driven. 
This indicates the absence of any fre- 
quency characteristic from 10,000 cycles 
down to the region in which the arm 
resonance occurs. 
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Synopsis: The application of the AIEE Test 
Code for Synchronous Machines in field 
testing of hydroelectric generators is dis- 
_ cussed, and the preferred method of making 

certain tests is indicated, together with 
_ teasons for its selection. Methods of making 


"4 


cl 
a 


acceptance tests on turbines are outlined in 
sufficient detail to establish the fundamental 


_ theory, and the electrical measurements on 


o 
Ly 


_ the generator required to establish the gen- 


erator input for the hydraulic test, are 
_ listed, with brief reference to the accuracy 


, 


3 
; 
- 


required, and to means of obtaining it. 
Rating and other hydraulic tests on hydro- 


electric units are also described. 


¥ 
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LTHOUGH commercial or accept- 
ance testing of hydroelectric units 

has been the rule rather than the except- 
ion, very little has been written of the tech- 


_ nique, especially of matters peculiar to 


* 


field testing. The Test Code for Prime 
Movers of the American Society of Me- 
chanical Engineers,! has been available 
for some years, and the AIEE Test Code 
for Synchronous Machines? was approved 
recently. The latter ‘‘provides in con- 
venient reference form the more generally 
applicable and accepted methods of con- 
ducting and reporting tests of a com- 
mercial nature, which apply to the ful- 
fillment of performance guarantees and 
to acceptance tests.’’ This code serves a 
very useful purpose, permitting manu- 
facturer and purchaser to agree on meth- 
ods of conducting tests, and avoiding the 
necessity of specifying in detail how per- 
formance guarantees may be determined. 
It is the purpose of this paper to discuss: 


1. The application of the Test Code for 
Synchronous Machines to field testing of 
hydroelectric generators, noting especially 
which methods given in the code can be 
used, and why alternative methods are un- 
suitable. 


2. Certain aspects of field testing of hy- 
draulic prime movers. 


3. The frequent necessity for making elec- 
trical measurements on the generator when 
the primary test is on its associated turbine, 


Paper 46-70, recommended by the AIEE committee 
on power generation for presentation at the AIEE 
winter convention, technical meeting, New York, 
N. Y., January 21-25, 1946. Manuscript submitted 
November 26, 1945; made available for printing 
December 13, 1945. 
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Technique of Electrical and Hydraulic 
Testing of Hydroelectric Units 
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and the method of measurement and accu- 


racy required. 


It is not the purpose of the paper to 
record methods of making either electrical 
or hydraulic tests where the technique is 
routine and straightforward, and presents 
no difficulties other than those usually 
present when tests are made on any gen- 
erator or its prime mover. 


Electrical Tests 


GENERAL 


In the great majority of cases, hydro- 
electric generators are erected on the site. 
The stator iron and complete stator wind- 
ing in the larger units are often assembled 
in the field, and field poles mounted on the 
rotor spider orrim. Even when the above 
operations can be performed in the fac- 
tory the assembly of the unit is of necessity 
a field job, and any tests on the completed 
generator must be performed at the site, 
after erection is completed. This situa- 
tion produces the first peculiarity in test- 
ing under field conditions, in that the facil- 
ities for testing may be, and usually are, 
restricted greatly, compared to those 
usually available in the factory. Restric- 
tions may be imposed by units already in 
routine operation in the plant, by con- 
struction, and because the generator is 
permanently connected to its bus, and in 
fact, may have been in commercial opera- 
tion before certain of its acceptance tests 
are made. The site may be many miles 
from the factory, and from the utility’s 
laboratory. It is, therefore, essential, 
before proceeding to the site to make the 
required tests, that the specification be 
carefully examined, the tests to be made 
listed, and the methods of making them 
discussed. It is of the utmost importance 
to list all portable instruments likely to 
be required, of such ranges as will accom- 
modate the potential and current trans- 
formers associated with the generator. 
It is very seldom necessary to provide 
special potential or current transformers 
for routine acceptance tests. Where tests 
of a special nature are included, it may be 
necessary to devise special equipment to 
obtain the desired measurements. All 
this work should be done, if possible, be- 
fore the tests are started; otherwise a 
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great deal of time may be lost, or one or 
more tests may have to be abandoned for 
lack of the proper equipment for making 
them. ‘ 


RESISTANCE MEASUREMENTS* 


Hydroelectric generators, except for 
units of low kilovolt-ampere rating, have 
very low armature and field winding re- 
sistances. Special artifices are often 
necessary to obtain an accurate measure- 
ment of resistance. The voltammeter 
method is usually employed, as use of the 
Kelvin bridge is not practicable for field 
measurements. Battery voltage and low 
range voltmeter have been found to be 
satisfactory, with the usual precautions. 
If the armature winding is two, three, or 
four circuit, as is frequently the case, each 
circuit can be measured separately, or all 
windings in one phase may be connected 
in series and the voltage drop across each 
measured. Temperature detectors almost 
always are specified for the hydroelectric 
generator, and are used to measure the 
winding temperature. Care must be 
taken to have the generator in thermal 
equilibrium at the time resistance meas- 
urements are made. The test current 
must not be so great that the winding 
temperature is affected by the copper loss 
due to the current. 

The field resistance at a known tem- 
perature is required for the following 
reasons: 


1. To determine accurately the field /?R 
loss. 


2. To determine the temperature rise of the 
field. 


38. To calibrate the field temperature indi- 
cator if such is provided. 


The voltammeter method should be 
used to make this measurement, as the 
“hot” resistance, of necessity, must be 
determined by this method. The meas- 
urement of temperature of a winding by 
its change in resistance requires that every 
source of error be minimized. The cold 
and hot resistances should be measured 
with the same instruments, and with de- 
flections on the instruments of the same 
order of magnitude. 


TELEPHONE INTERFERENCE FACTOR 


Although hydroelectric generators of 
modern design have a telephone inter- 
ference factor low enough to prevent dis- 
turbance in telephone circuits, it is pos- 
sible that disturbing harmonics inadvert- 
ently may be present in the voltage wave. 
Conditions at some remote point, where a 
power and communication circuit are in- 
* The sequence of these notes has been made gen- 


erally the same as in the Test Code for Synchronous 
Machines. 
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volved in a parallel may be magnified by 
the presence of these harmonics. Meas- 
urement of the telephone interference fac- 
tor is recommended where equipment is 
available to determine this factor, es- 
pecially if the design of the generator 


‘winding is limited in freedom of choice to 


the point where it becomes difficult to 
eliminate undesirable harmonics. 


PHASE CHARACTERISTIC CURVES 
(V CurvEs) 


These curves offer the best method of 
determining the excitation values at all 
loads and power factors. As discussed 
later under load excitation, the zero 
power factor saturation curve used with 
the open circuit saturation curve to ob- 
tain the excitation characteristics is al- 
ways difficult and often impossible to 
obtain. It is not usually possible to set 
the voltage, load, and power factor at 
exactly the value desired when the unit is 
operating on the system. Small devia- 
tions from the desired values, especially 
in power factor, cause relatively large 
changes in field current. The phase char- 

‘ acteristic curve permits greater accuracy 
in the determination of excitation under 
any condition of load, provided the volt- 
age can be held close to normal value. 


LINE CHARGING CAPACITY 


This characteristic may be important 
in the case of hydroelectric generators be- 
cause the units are usually associated with 
a transmission network of high-voltage 
lines. Voltage must be built up on a line 
for line testing, and the generator should 
have sufficient line charging capacity to 
permit this without becoming self-exciting. 
Self-excitation is an unstable condition, 
leading to high and uncontrolled voltage 
on the generator and system being tested. 
Excitation can be reduced to zero on a 
hydroelectric generator with safety, and 
even made slightly negative, with the 
generator under test connected to the sys- 
tem. Provided the kilovars taken by the 
generator are not large enough to disturb 
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system conditions, the ability of the int 


generator to supply line charging kilovars 
thus can be determined exactly. 


LOAD EXCITATION 


It is frequently difficult or impossible 
to obtain a saturation curve at zero power 
factor and rated amperes on a hydro- 
electric generator. The difficulty arises 
because it is impossible to circulate full 
load current between one generator and 
another of equal size, even if both can be 
synchronized on the same low-voltage bus. 
It is sometimes possible to synchronize 
the generator with the system, and ob- 
tain one or perhaps two points on the 
curve at or near normal voltage. A third 
point is available at zero voltage from the 
short-circuit impedance curve. Such 
meager data are insufficient to plot an 
accurate zero-power-factor saturation 
curve. 

As stated earlier in this paper, the use 
of the phase characteristic or V curves, 
which can be determined readily, is 
recommended. 


SUDDEN SHORT-CIRCUIT TESTS AND 
SYNCHRONOUS MACHINE 
QUANTITIES 


The 3-phase sudden short-circuit test 
at rated voltage should not be omitted 
on a large machine of new design, as me- 
chanical failures due to inadequate brac- 
ing of the stator winding are known to 
occur. If oscillograms are taken, the 
transient and subtransient reactances and 
their time constants can be determined. 
The determination of these reactances and 
time constants by test gives valuable in- 
formation to both designer and user. 

Very little information is available on 
the suitability of the test methods for 
determining other synchronous machine 
quantities. Those that have been tried 
in the field have given only fair results. 
There is need for an exchange of informa- 
tion among those interested covering the 
technique to be used. The instructions 


Figure 1. Gibson 

diagram from dif- 

ferential test of 

66,000 - horsepower 
unit 
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formly successful for hydroelectric 


testing of 


though the value o: 


quantities in estimati 
of a generator has been ap 


Losses - ; 

Several methods for measuring gene 
tor losses are listed in the Test Code (pag 
13 and those that follow). Only the re. 
tardation method has been found uni- 


The separate driving motor, calorim 
cooler method, and input-output metho 
are either impractical or require special 
facilities and time for execution. The 
electrical input method has been used, 
not because it was satisfactory, but be-_ 
cause the retardation method had not 
been developed to the present degree 
of accuracy. This method requires 
special low-ratio current transformers, 
which are often difficult to mount in the 
leads from the generator, especially if 
these leads are of cable, brought out to a 
metal-clad bus structure. It is impossible — 
to prevent hunting between driving and 
driven units, and great care is necessary 
to obtain a consistent set of readings. 
Harmonics are usually present in the cur- 
rent wave, and may increase the error al- 
ready present from other causes. There 
is great danger of the units falling out of 
step if the voltage is lowered to a point 
where synchronizing power is insufficient. 
If this condition should develop, a heavy 
overload is placed on the metering current 
transformers, and these may burn out 
before they can be protected by closing 
their short-circuiting disconnects. The 
measurement of stray loss by this method 
is involved, and the accuracy doubtful. 
One major source of error arises in the 
use of high-ratio current transformers and 
low-power-factor current, giving current 
transformer errors and errors due to small 
deflections on the wattmeter used. The 
latter error may be decreased by using a 
low-power-factor wattmeter. The use of 
the electrical input method, at least for 
medium or large units, is not recom- 
mended, unless no other method can be 
used. 

The retardation method depends for its 
accuracy on careful determination of the 
Wk? of the generator, and of the speed- 
time curve, both of which are essential for 
the calculation of the loss under any given 
condition. 

A very close approximation of Wk? of 
the generator can be made for the rotor 
of a water-wheel generator. The weight 
of each salient pole is known accurately, 
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and the weight of the rim is also capable of 
accurate calculation from drawings. 
These calculations can be checked by 
test, using one or more of the methods 
outlined in the test code. 

Use of the d-c generator separately ex- 
cited, with biased output voltage (see 
test code, pages 18-19) has proved most 
successful for measurement of speed. The 
measurement must be made carefully, and 
frequent checks made during the progress 
of the test to prove the constancy of the 
calibration. This method of speed 
Measurement is given in detail in the 
test code, and need not be repeated here. 

The calorimeter method of determining 
losses* is applicable only to totally en- 
closed hydroelectric generators. Unless 
the temperature of the ambient air can be 
closely controlled, as in the case of the 
totally enclosed generator, it is extremely 
difficult to relate the temperature rise of 
the air to the loss or losses causing it, due 
to the thermal capacity of the generator. 
The increase in number of this type of 


Delineation of area on Gibson 
diagram measuring impulse 


Figure 2. 


Actual length of hatched area 7.75 inches or 
10.6 seconds 
Maximum height 4.4 inches, equivalent to 
4.80 feet of water 
Average height equivalent to 2.65 feet of 
water 


generating unit permits use of this alter- 
native method of loss measurement. Its 
chief disadvantage is the time required 
for a complete set of tests. A crosscheck 
can be obtained on the total losses, by 
operating the generator at rated load and 
measuring the temperature rise of the 
cooling air. The individual losses also can 
be measured, and windage separated from 
friction loss. 

The segregated generator losses are 
used to establish the generator efficiency, 
and also are used to determine generator 
input on the acceptance test of the prime 
mover. Their use in this latter respect is 
discussed in some detail later in this 


paper. 
Hydraulic Tests 


This section of the paper deals chiefly 
with the acceptance tests of the prime 
mover and the rating test of the hydro- 
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~ to govern accuracy in rating tests. 


electric generating unit. The acceptance 
test is that having as its objective the 
determination of whether or not the unit 
and its component parts satisfy the guar- 


-antees of capacity, efficiency, and reli- 


ability made by the manufacturers. The 
rating test determines the efficiency of the 
unit as a whole, and the variation in effi- 
ciency, in order that the most effective 
use may be made of it along with other 
units in the same power plant and with 
other plants in the same system. 

The acceptance test of necessity con- 
siders the component parts of the unit 
separately, that is to say the generator 
and turbine independently of each other. 
The discussion will not extend to other 
parts such as the governing system, and 
water passages.except incidentally. The 
rating test on the other hand considers 
the unit as a whole including not only the 
turbine and generator but conduits and 
other water passages serving that unit 
and no other. 

For tests of both kinds, three primary 
quantities must be measured, namely, the 
power, the flow, and the head. The flow 
is the same whether one is considering the 
acceptance or the rating test, but power 
and head are not. In the acceptance test 
of the turbine the output power is the 
same as the input to the generator shaft 
and therefore includes the generator out- 
put and all generator losses while in the 
rating test the power is the net output of 
the generator. The head in the accept- 
ance test is determined from measure- 
ments made as close to the turbine as 
practicable. In the rating test the head 
considered is the difference of elevation of 
forebay or headpond and tailwater. 


ACCURACY 


At this point the authors would like to 
comment on certain features of the pre- 
cision required in test equipment and 
observations. Insofar as the acceptance 
test is concerned, test codes of various 
associations and technical societies define 
in greater or less detail the method in 
which various quantities shall be meas- 
ured and the acceptable degree of pre- 
cision. No such criteria exist, however, 
The 
responsibility of securing the results re- 
quired at a cost no greater than is war- 
ranted by their value rests with the engi- 
neer in charge of the tests. It is the 
authors’ considered opinion that as great 
accuracy is necessary in the rating tests 
as in the acceptance test where the repre- 
sentative of the manufacturer carefully 
scans the details of all arrangements for 
the test and all observations in order that 
the final result for efficiency may not fall 
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LOG OF M 


LOG OF Q 


Figure 3. Relation of discharge to pressure 
differential between piezometers in pen- 
stock and scroll case of turbine 


M=diferential pressure, feet of mercury 
Q=discharge, cubic feet per second 


so much as a tenth of one per cent below 
the maximum that can be shown honestly. 

Because of their ready availability, 
there is a tendency to substitute switch- 
board meters, gauges, or instruments of 
low grade for test instruments of high 
precision and accuracy, and to use ob- 
servers unskilled in tests and investiga- 
tions of this type. In consequence of this, 
unreliable or misleading results may be 
secured and incorrect conclusions reached. 
The authors call to mind certain specific 
incidents that justify this criticism. 

The acceptance test of the turbine and 
the rating test of the unit frequently are 
made at the same time. It is convenient 
therefore to give a single description of 
measurements and procedure applying to 
both, This description will be divided 
into three parts, each part dealing with 
one of the three primary quantities to be 
measured. 


MEASUREMENT OF POWER 


For the rating test the quantity to be 
measured is the output of the generator. 
The authors have been associated in many 
tests and have used instruments of vari- 
ous types. In general the instrument pre- 
ferred is a calibrated polyphase watt- 
meter. Exception may be taken to this 
instrument and in fact many test codes 
require that single-phase meters be used. 
The objection to the use of the polyphase 
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Figure 4. Power efficiency relation from an 
index test 


The variation of efficiency with load and 
blade angle is found although the absolute 
value of the efficiency is not known 


meter is based in some instances on the 
type of generator connection and ground- 
ing. The objection does not apply in the 
case of the plants operated by the organi- 
zation with which the writers are con- 
nected and the advantages of using a 
single instrument are so evident that it is 
to be preferred wherever it is properly 
applicable. 

In the acceptance test of the turbine, 
its power output is required. Where the 
turbine and generator are mounted on the 
same shaft, the turbine output is the 
generator output plus the generator losses. 
The accuracy required makes the method 
of dividing the generator output by gen- 
erator efficiency unsatisfactory, although 
the authors have found it necessary on 
occasion to do this, on generating units of 
small size, where insufficient data were 
available to enable generator losses to be 
computed, 

If generator losses have been measured 
on the unit under test, readings of genera- 
tor voltage, stator current and tempera- 
ture, field current, and exciter outputs, 
on each test run, will permit an accurate 
computation of individual losses. These 
can be added to the measured generator 
output. The precision of measurement of 
the losses is very high, compared to the 
measurement of generator output, so that 
it is possible to use losses as measured on a 
duplicate generator, or even to use the 
generator designer’s estimate of losses, 
without introducing an error large enough 
to have any noticeable effect on the over- 
all result. 

Calibrated portable instruments of high 
standard should be used for the electrical 
measurements. The instrument trans- 
formers associated with them should have 
a known ratio of transformation. Other- 
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wise they should be calibrated. In at 
least one instance a calibration of the in- 
strument transformers requested by the 
representative of the turbine manufac- 


turer disclosed errors that were quite un- 


suspected until the calibration had been 
made. 

The importance of this test on occasion 
may justify duplicate measurement of 
power by independent observers, using 
separate instrument transformers and 
wattmeters calibrated against different 
laboratory standards. 


MEASUREMENT OF FLOW 


The accurate measurement of the quan- 
tity of water flowing through the turbine 
is one of great difficulty. Various meth- 
ods of measurement are available, the 
choice of method depending on the par- 
ticular situation in hand. Four of these 
methods will be described briefly. Com- 
plete descriptions of all of these consid- 
ered herein are available elsewhere; hence 
descriptions are carried only so far as to 
make clear the comments on their fields 
of application and reliability. 


THE Grsson MetTuop4 


The Gibson time-pressure method of 
measurement of flow is an invention of 
Doctor Norman R. Gibson, and an out- 
come of his extensive studies of pressure- 
rise in hydraulic pipe lines. The method, 
simple in principle and fundamentally 
sound, is an application of the second law 
of motion, expressed briefly as 


Pti=m/(v,—22) 


When a column of water flowing in the 
penstock of a hydroelectric unit is brought 
to rest by closing the turbine gates, a 
force is impressed on the water column in 
bringing it to rest. Assuming that the 
mass of water has its velocity changed to 
zero during gate closure, the change in 
momentum effected is the product of the 
mass of the water in the penstock and the 
original velocity. This change in momen- 
tum is equal to the impulse causing it, 
that is to say, the mean value of the force 
acting upon it to bring it to rest multi- 
plied by the time during which it acts. Of 
these four quantities, force, time, mass 
and velocity, three can be measured and 
the fourth, the velocity, computed, it 
being the only unknown in the equation, 

Equipment was devised by Gibson to 
measure the force or pressure acting on the 
water column by a mercury U-tube, and 
to record the pressure variations on a 
moving film. The equipment, with minor 
changes, has been used by nearly all, if not 
all, investigators on this continent. Ger- 
man scientists working mainly with Doc- 
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Floyd, Traill—Testing of Hydroelectric Units 


= ; 


spring-c controlled piston, A beam 


light of high intensity focused in the mir- 
ror is reflected through lenses to a photo- 


graphic paper moving past a narrow slot. 
Comments on both of these types of equip- 
ment will be made later. 

The Gibson instrument consists of a 
camera at the front of which one leg of a 
mercury U-tube is clamped at a definite 
distance from the lens. The U-tube is 
connected to the penstock, and the level 
of the mercury in it is a measure of the 
pressure in the penstock. At the rear of 
the camera is a photographic film on a 
cylinder which is rotated at a speed suited 
to the rate of closure of the turbine gate. 
Between the U-tube and the lens, a pen- 
dulum is arranged to cut off the light pass- 
ing through the U-tube once every second. 
Illumination for exposure of the film is 
provided by a bank of photoflood lamps. 
The instrument is so constructed that no 
light can reach the film except that pass- 
ing through the U-tube. As the pressure 
varies in the penstock corresponding 
movements take place in the mercury 
column in the U-tube and these move- 
ments are recorded on the film at the rear 
of the camera. 

The procedure, in making a measure- 
ment of flow in a penstock, is as follows: 
The unit under test is loaded to the point 
at which it is desired to measure the dis- 
charge and sufficient time allowed for 
operating conditions to become satisfac- 
torily steady. On signal from the opera- 
tor at the Gibson instrument, the turbine 
gates are closed at a uniform, predeter- 
mined rate, during which time, and for a 
few seconds before and after, the moving 
film in the camera is exposed recording the 
rise and fall of the mercury column in 
the U-tube, and therefore the changes in 
pressure. From an analysis of the exposed 
film an area is delineated which measures 
the impulse bringing the mass of water in 
the penstock to rest. The measurements 
are repeated for a series of similar runs 
covering the whole range of capacity and 
flow for the turbine. 


Originally it was the practice to have a 
connection to the penstock from one leg 
only of the U-tube, the other leg being 
carried to a sufficient height to balance 
the penstock pressure. The mercury 
column was often of great height, 20 feet 
or more in some tests conducted by the 
authors, which introduced certain diffi- 
culties in conducting the tests. It made 
it necessary also to secure, in synchronism 
with the Gibson diagram, a graphic rec- 
ord of the variations in headwater level. 
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It is the practice now, whenever possible, 
to connect both legs of the U-tube to the 


_ penstock at sections so far apart as to 
_ secure a diagram of satisfactory area on 


the film. The test made with a single con- 
nection is known as a simple test, that 
with two connections to the penstock as a 


differential test. 


In Figure 1, a diagram from a differen- 
tial test is submitted. The dimensions of 
the original are marked on the figure to 
give a better idea of the scale. In Figure 
2 is shown a copy of this diagram with the 
area representing the product of pressure 
and time crosshatched. It is not intended 
to discuss here the method of determining 
the lower and left hand limits of the area, 
but this explanation should be made: 


The regular waves following the end of 
the diagram result from the fact that the 
mercury column swings up and down in 
the tube until friction brings it to rest at 
its final static level. They are not due to 
pressure variations in the penstock. 
These after waves enable the end point 
of the diagram to be determined in most 
cases. The author has found it necessary 
for tests of plants with very short supply 
pipes to have a contact, closed by the 
servomotor piston at the end of its stroke, 
complete a circuit which gives an indica- 
tion in the film of the completion of clo- 
sure of the turbine gates. 

The instruments made by Volkhardt 
and Deckel and used at Munich, Eitting, 
and Heidenheim, are much more compli- 
cated than the instrument by Gibson. 
One of the advantages sought in their 
design is the elimination of effects due to 
the inertia of the mercury column. This 
inertia, however, has certain compensating 
advantages, Thoma points out, enabling a 
more precise determination of the end 
point of the diagram, in certain instances, 
than the instruments with spring con- 
trolled pistons. Special provision is made 
to overcome the effect of friction. Cali- 
bration is difficult and liable to change. 
However, they are instruments of great 
precision. 

Deckel submitted the results of tests 
by his instrument made at Munich in 
1930 in which the average difference from 
the measurement by a calibrated weir was 
0.41 per cent, only 2 runs out of 14 show- 
ing errors exceeding one per cent. 
Deckel’s comments on the method are 
interesting in that other methods of 
measurement have found greater favor 
generally in the institution in which his 
work was done: 


““The Gibson measurement process in many 
cases offers considerable advantages as com- 
pared with other measurement methods. 
These advantages are based on the prac- 
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tical simplicity and good theoretic founda- 
tion for the process. It must be provided, 
of course, that its grade of accuracy is not 
below that of other processes, that is, the 
possible error should not exceed one per cent 
when compared with the highly developed 
stage of present measuring processes... 
The tests which were carried out will confirm 
this.”’ 


ALLEN SALT-VELOcITy MEeTHOoD® 


Professor C. M. Allen of Worcester, 
Mass., has, by his research, brought to a 
high degree of precision the measurement 
of flow by observations of the time for a 
charge of brine to pass from one section to 
another ina penstock. In this method the 
charge of brine is injected through one or 
more special valves suitably disposed on 
the cross section of the penstock and the 
time for it to move from the point of in- 
jection to a cross section further down- 
stream is measured. At the lower cross 
section a series of electrodes is set up in 
the penstock and the time of passage from 
the point of injection to the electrodes is 
determined by a graphic measurement of 
the change in conductivity of the water, 


the time being accurately measured on 


the chart as well as conductivity. The 
method is adaptable to situations where 
the cross-sectional area of the penstock is 
irregular or where velocities are extremely 
low and other cases where the Gibson 
method is not readily applicable. Its dis- 
advantages are that the disposal of the 
injection valves and the electrodes on the 
cross sections require considerable experi- 
ence with this type of test. A more or 
less prolonged shutdown of the unit is 
necessary also to install the equipment. 

The necessity for experience in the de- 
sign of the equipment and its disposal on 
the cross section will be realized when it is 
remembered that the charge of salt com- 
ing through a valve at the center of the 
penstock moves downstream at a greater 
velocity than a charge injected at the side 
of the penstock. It is therefore necessary 
to design the equipment so that the aver- 
age time of passage from one cross section 
to the other will be recorded correctly. 
The authors have attempted to use the 
method on one occasion and from the diffi- 
culties experienced in securing satisfac- 
tory results in that instance have some 
appreciation of the vast amount of effort 
that has been put into the perfection of 
the method by Professor Allen. 


THE CURRENT METER® 


The third method to which reference 
will be made and one that has been used 
perhaps more frequently than any other, 
is the current meter method. The method 
has been brought to a high degree of ac- 
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curacy for measurement of discharge of 
power houses through the work of a large 


_ number of investigators in North America 


commencing with the work of Groat and 
Nagler in 1912. The method has been 
preferred above all others for measure- 
ments in Europe and a great deal of work 
on the development of suitable instru- 
ments has been carried out there. 

The method is simple enough in princi- 
ple. It consists of the measurement of 
velocity at a large number of points on a 
cross section at the intake of the unit and 
the computations of the discharge by 
multiplying the average measured veloc- 
ity by the area of the cross section. The 
necessity for refinement comes about be- 
cause the velocities at any section are not 
at right angles to the cross section. In 
areas of disturbed flow certain meters 
have a tendency to over-register, that is to 
say, they measure a velocity greater than 
the resolved part of the velocity normal 
to the measured cross section. Other 
meters under-register, some to a greater 
degree than others. By using groups of 
meters of different types in a test and com- 
paring the results, each with the other, 
the correct normal velocity may be deter- 
mined. 

The method is readily adaptable to 
cases where a very short supply pipe leads 
to the turbine, therefore making it diffi- 
cult to apply the Gibson or Allen methods. 
As just indicated the common European 
practice applies the current meter method 
in nearly all instances, in fact it has been 
used frequently in Europe to measure the 


velocity on the cross section of a penstock 
i 


Figure 5. Bank of gauges used for index test 


These are simple water columns under com- 
pressed air to depress them to the range of 
the scales 
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, f 
where in North America one of the other 
methods would be applied. 


THE WEIR 


In some instances it is possible to in- 
stall a weir in the tailrace of the plant. 
Measurement of discharge by a weir is 
only possible in cases where the discharge 
is moderate, that is to say, not more than 
two or three hundred cubic feet per second 
and where the reduction in head resulting 
from the installation of the weir is only a 
small percentage of the total head. 


MEASUREMENT OF HEAD 


The third of the primary quantities to 
be measured is the head acting on the tur- 
bine or on the plant. There is, of course, 
a distinction between these, sometimes of 
considerable magnitude, for example, in 
the case of a plant having a long penstock. 
For low-head plants the difference is not 
so marked. For the purpose of tests, the 
simpler the equipment, the more satis- 
factory it is for measurement of water 
level. In the forebay or tailrace of a 
plant, simple float gauges are preferred 
installed in float boxes connecting with the 
body of water, the surface elevation of 
which is to be measured, by a small open- 
ing in the float box which dampens surges. 
The usual practice in the rating test of a 
generating unit is to install at least two of 
these in the forebay and two in the tail- 
race, usually in the stop log checks. 

In the acceptance test of the turbine 
unit, however, the head must be measured 
at the entrance to the turbine casing, and 
in a plant having a long penstock the 
head measured at this point will be appre- 
ciably different from that measured in the 
forebay. Bourdon gauges are unsatisfac- 
tory for this purpose and a mercury 
manometer is preferable even though this 
may be of great height, requiring two ob- 
servers to read it. A case in point is a 
plant on which a test was made recently 
where the operating head was 340 feet 
and the mercury manometer about 24 
feet in height. 

In the case of the acceptance test, as 
indicated previously, the pressure head is 
measured at the entrance to the turbine 
casing. To the pressure head, plus eleva- 
tion head at that point, there must be 
added the velocity head in the penstock. 
The net head acting on the turbine is the 
head at entrance to the casing, expressed 
as an elevation, minus the sum of tail- 
water elevation and the velocity head at 
the section at which the tailwater level is 
measured. In some instances, however, 
the velocity head in the tailrace is neg- 
lected. In the case of the rating tests of 
the plant the gross head only is to be con- 
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sidered, that is to say, the difference of 


level in the water in the forebay and in 


’ the tailrace. 


Frequently gauges measuring these 
water levels are installed to give an indi- 
cation in the control room of the levels, 
and it is most desirable to check these 
gauges during the tests, not only for cor- 
rectness in their indications, but also for 
the correctness of indication by them of 
the true forebay or tailrace level. The 
location of the actuating element of the 
gauge is frequently such that it is affected 
by local disturbances and by variation in 
load on the particular unit near which it 
is installed. It is the authors’ practice to 
observe the operations of such gauges 
carefully during the test in addition to 
making observations on special gauges in- 
stalled for the test itself. 

In addition to the primary measure- 
ments dealt with in the three preceding 
sections, a number of other quantities are 
observed such as gate opening of the tur- 
bine and information that will enable seg- 
regation of the hydraulic losses in the 
water conduits to be made. 


ANALYSIS OF DATA 


Having computed the three primary 
quantities, power, head, and discharge, 
for each run, these are tabulated and cor- 
rected for departure of the test head from 
the rated head of the unit. In the case of 
the acceptance test, capacity and effi- 
ciency of the turbine will be given by 
the turbine builder for some specific head. 
In the tests the actual head will differ 
from this slightly, and power and dis- 
charge for each of the runs will be cor- 
rected to that which would have been 
realized had the test been made at rated 
head. This correction can be made with- 
out impairing the accuracy of the results 
provided that the test head does not differ 
by more than three or four per cent from 
the rated head. The results are then 
plotted in the form of a power-discharge 
curve. Two additional curves are plotted 
also, namely, the power on a base of gate 
opening, and discharge on a base of gate 
opening. The three curves are then com- 
pared and adjusted until all three are in 
agreement. From this point on practi- 
cally all of the results secured regarding 
capacity and efficiency will be based on 
the three curves, particularly the power- 
discharge curve. It is customary to com- 
pute the efficiency of the unit from the 
adjusted power-discharge curve and not 
from the individual test runs. 

A similar set of three curves will also 
be drawn based on the gross head of the 
plant and the generator output, these 
forming the basis of a report on the rating 
test of the plant. 
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It will be eee from, foe 


scription of the various methods | of meas-_ 


uring the quantity of water flowing 1 that 


this part of the test i is difficult and expen- f 


sive and may involve serious interruptions 


to operation of the unit. It is desirable 7 


therefore to secure records that can later 


be used to measure the discharge with less _ 


inconvenience and expense. The author 
used such a method some 23 years ago at 
the Queenston plant on the Niagara River 
by observing the reduction in head from 
forebay to a point at the entrance to the 
casing of the turbine, using a mercury 
manometer for the purpose. The reduc- 
tion in pressure head was largely due to 
the great increase in velocity head at the 
lower measuring point and was a function 
of the magnitude of the flow of water in 
the penstock. The ratings so made in 
the original tests by the Gibson method 
were later used in tests which involved 
simply a measurement of the difference in 
the pressure head at forebay and scroll 
case, to determine the flow. It is common 
practice now to install piezometer con- 
nections at suitable points in the penstock 
and scroll case and to determine, at the 
time of the original tests when the flow is- 
measured by one of the methods described. 
above, the relation of the discharge to the 
differential pressure between two of these 
piezometers. 

The results of such a measurement in a 
turbine test made recently are as shown in 
Figure 3. The flow was measured by the 
Gibson method and the differential pres- 
sure was read on a differential manometer 
connected to a piezometer in the speed 
ring and a ring of four piezometers around 
the downstream end of the penstock. It 
is only necessary at any future time to 
measure the differential pressure to deter- 
mine discharge from the data submitted 
inthe graph. Therelationis unaffected by 
head, the condition of the turbine runner 
or other changes beyond the piezometers. 


INDEX TESTS 


When, for physical or economic reasons, 
it is unadvisable to make discharge meas- 
urements, it is still possible in many in- 
stances to secure records of variation of 
efficiency of a turbine unit by measuring 
quantities, the variation of which with the 
discharge is known, approximately, if not 
exactly. Tests in which such quantity is: 
measured instead of the discharge are 
known as index tests. From them, the 
power and head being measured, it is. 
possible to derive efficiency curves which 
show the variation of efficiency with load 
but not the absolute value of the efficiency. 
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- To illustrate: In order that the govern- 
ing mechanism of a Kaplan turbine may 
be so designed as to secure the highest 
efficiency at all loads, information must 
be available as to the variation of effi- 
ciency with gate opening, or load, and 
blade angle. The quantity related to the 
discharge, which is measured is a pressure 
differential between two piezometers suit- 
ably disposed. , The discharge varies ap- 
proximately with the square root of the 
differential pressure and the efficiency 
therefore with the kilowatts divided by 
the square root of the differential pressure. 
In Figure 4 such a series of curves derived 
from a test of a Kaplan runner is shown, 
each curve being for a specific blade angle. 
The envelope of these curves provides 
the information for the design of the cam 
which properly correlates gate opening 
and blade angle. Forty or more separate 
measurements of discharge would be re- 
quired to develop the five efficiency curves 
shown in Figure 4. The gauge, or series 
of gauges set up for the test, is shown in 
Figure 5. Readings in this case were 
‘taken on water columns depressed by com- 
pressed air to a reading range. The vari- 
ous gauge columns are connected to 
piezometers in penstock and scroll case. 


Conclusion 


In conclusion, it may be stated that a 
definite policy of making tests on both 
generator and prime mover, even if con- 
siderable expense and effort is involved, 
undoubtedly will pay dividends. These 
tests make quantitative data available, 
the value of which may not be apparent 
at the time the tests were made. How- 
ever, it later may make possible an engi- 
neering solution to some difficult problem 
of operation, or point the way to improve- 
ment in performance in the unit tested, 
or suicceeding ones in the same or other 
stations. 
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_ Dielectric Recovery by an A.C Arc 
in an Air Blast 


T. E. BROWNE, JR. | 


MEMBER AIEE 


INCE the extinction of the arc drawn 
#7 upon opening an a-c switch depends 
upon a rapid transition of the arc near 
a normal current zero from a conducting 
to an insulating state, much study has 
been given by switch designers to this 
transition, often referred to as dielectric 
recovery. However, the published ex- 
perimental data with regard to the mecha- 
nism of this dielectric recovery still 
are meager and there is no generally 
agreed upon theory, even for the simpler 
cases. One simple case, of growing im- 
portance in this country, is that of the 
arc in an air-blast circuit breaker. Per- 
haps the simplest arrangement is found 
in the nozzle type of air-blast breaker 
variously described as radial blast or 
axial blast. Figure 1 is illustrative of 
such nozzles, somewhat reduced from 
practical forms. 

Of particular value for the understand- 
ing of the arc extinction processes are 
curves showing the rise of the arcs re- 
ignition voltage, or dielectric strength, 
with time during the first few hundred 
microseconds following arc failure near 
a normal current zero. There have been 
several attempts to predict the course 
of such curves for the air-blast breaker, 
of which that by Kesselring and Koppel- 
mann! is noteworthy for its complete- 
ness. Some direct experimental results 
defining a single curve and indicating 
another have been presented by Prince, 
Henley, and Rankin? for a cross-blast or 
splitter type of breaker at greatly reduced 
air pressure and unstated current. Also 
presented by Prince were some very 
interesting high-speed moving pictures 
of the arc in a splitter type breaker, but 
these, like earlier ones presented by 
Biermanns’ for the nozzle type breaker, 
are somewhat inconclusive. These photo- 
graphs and the theoretical picture of arc 
interruption in an air blast have been 
further discussed by Slepian.4 In the 
theory of Kesselring and Koppelmann 
and others a physical cutting and pro- 
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gressive displacement of the permanent 
arc core is presumed. Slepian, in agree- 
ment with earlier discussions by Mayr,® 
has preferred to ascribe the dielectric 
recovery of the arc space to cooling and 
ion diffusion, and has pointed out the 
decisive importance of turbulence of the 
gas motion in enhancing the diffusive 
effects. 

In the course of an extended experi- 
mental study by the writer of the factors 
influencing arc extinction in models of 
air-blast orifices like those of Figure 1, 
a considerable mass of data has been 
obtained, including 16 more or less com- 
plete curves of dielectric recovery with 
time by the arc space under widely 
varying conditions. Some of these results 
will be presented and briefly discussed 
in the light of existing theories. 


Experiments 


The nozzle and contact arrangement 
shown in section in Figure 1A is typical 
of the earlier forms studied. This sketch 
shows the location of arc resisting inserts 
of copper-tungsten and soapstone as 
generally used, these being omitted in 
the other sketches for simplicity. In all 
of the work to be described the orifice 
diameter was 0.765 inch and the arc 
was drawn by rapid downward motion of 
the lower (upstream) contact through the 
orifice to the open position shown. Com- 
pressed air from a storage tank was intro- 
duced into the annular space between 
the supporting fiber plates through a 
poppet valve, piping, and entrance 
orifices which reduced the steady-state 
gauge pressure at the interrupting orifice 
entrance to between 0.7 and 0.8 of the 
initially adjusted tank pressure. Beyond 
the arc space the discharged air passed 
through openings having 3!/3 times the 
area of the main orifice, resulting in a 
pressure elevation on the discharge side 
of the orifice roughly 1/10 the entrance- 
side gauge pressure without arcing and up 
to two or three times this in the presence 
of a one or two thousand-ampere arc. 

Of all the orifice arrangements tried, 
that of Figure 1B proved to be the most 
efficient in terms of required air pressure 
for interruption of low power factor cur- 
rents up to 2,200 amperes at 13,800 volts 
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Figure 1. Experimental air-blast orifices 


and 4,200 amperes at 6,900 volts, the 
maximum values available for these 
tests. Interrupting test results with this 
orifice are plotted in Figure 2A. The 
upper broken line is drawn through points 
representing tests at the maximum gauge 
pressure in the tank at which a failure to 
interrupt occurred and the lower line 
through points of minimum gauge pres- 
sure in the tank for a successful inter- 
ruption. Interruptions were considered 
successful if not more than one cycle of 
arcing (at 60 cycles per second) occurred 
after passage of the electrode tip through 
the orifice. These limits were always 
checked by obtaining at least four tests 
just outside the limits all of which were 
either successful or unsuccessful. Thus, 
the region between the lines is one of 
uncertainty separating regions of high 
and of low probability of interruption. 
Figure 2B is a similar plot for the orifice 
of Figure 1C, which was a much less 
efficient interrupter, especially at the 
lower currents. The favorable features 
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combined in the Figure 1B orifice were 
indicated step by step in a long series of 
tests leading up to it. BE are prin- 
cipally : 


1. Rounding of the edges of the orifice and 
contact rings to minimize electric stress 

concentration. 

2. Proper spacing of the contacts relative 

to the orifice. 

3. A slight crowning, or beveling of the 

upstream contact face. 

4. Insulation of the metal orifice ring from 

the downstream contact. 

5. Venting to atmosphere of the center of 

the upstream contact face through a smaller 

auxiliary orifice. 


These features are in close corre- 
spondence with those of an orifice-type 
high-voltage compressed-air circuit inter- 
rupting element developed by Ludwig 
and Baker. The orifice of Figure 1C, 
lacking only features 4 and 5 of the pre- 
ceding list, was chosen for an extended 
study of dielectric recovery with time 
because its inferior performance per- 
mitted it to be tested adequately over a 
much wider range of pressures and cur- 
rents than would have been possible with 
the Figure 1B orifice. Also, the Figure 
1C orifice is itself of practical interest, 
since its simpler construction permits its 
use in simpler and more compact circuit 
breakers, especially those for the lower 
voltages. 

Figure 3 shows some of the information 
leading up to the Figure 1B type of 
orifice. These data were replotted from 
families of curves like those of Figure 2, 
using points from the upper limit curves 
only. These maximum failure pressures 
are plotted in Figure 3A as a function of 


Interrupting pressure range as a 
function of current 


Figure 2. 
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A—Orifice of Figure 1B 
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the spacing. of the do 

in this case a copper- tungsten 
1/4-inch rod, above the open posi 
the upstream contact face. For cor 


venience in interpretation, the orifice 
and electrode sections are dotted in to © 


the scale of the spacing co-ordinate with 
the plane of the upstream contact face 
at the origin. Smooth curves are drawn 
through the somewhat scattered points 
for each of the three currents, 175, 1,100, 


and 2,000 amperes, all of these tests 


being at 13,800 volts. It may be deduced 
from the slopes of these curves that the 
region near the flow constriction, or “‘vena 
contracta,” is of most importance at all 
currents but was practically the only 
effective interrupting region at the higher 
currents. At 175 amperes, the axial 
region beyond the orifice was of lesser 
but still of considerable importance. 
Figure 3B is a similar plot of results of 


tests in which the projection into the 


orifice region of a 1/4-inch stud from the 
center of the upstream contact face was 
the varying parameter. These curves 
similarly show a more sharply restricted 
interrupting region for the higher cur- 
rents. The minimum near 3/16-inch 
projection for the 175-ampere curve 
probably also points to the advantage of 
a somewhat pointed or crowned shape 
for the upstream contact face. 


In all of the work just described the 
testing circuit was used without modi- 
fication of its normal transient charac- 
teristics, the natural frequencies and 
decrements of the recovery voltage oscil- 
lation components varying with the par- 
ticular circuit adjustments, particularly 
with the short-circuit current settings. 


ze T 


120 + —t. 
WwW 
a 
=] 
mA 
w!ld00 al | 
x 
a 
x o4 
= 
< 80 the 
i 
o 
a 
60) at tos 
40) x4 ails 
Leal 


O-INTERRUPTED 
*-FAILED TO 
INTERRUPT 


= ams AMPERES 
B—Orifice of Figure 1C 


ELECTRICAL ENGINEERING 


e’ Pie ° al 


. 
To get direct information about the 
course of the dielectric recovery in the 
arc space with time, the natural fre- 
quency of the circuit, or its rate of rise 
of voltage, was controlled by capacitor 
shunts in parallel with the arc, and the 
reignition voltages appearing across the 
arc terminals were measured from 
cathode-ray oscillograms. Figure 4 shows 
four samples of such oscillograms, taken 
by photographing the screen of an RCA 
904 cathode-ray tube with a miniature 
camera, The beam was oscillated mag- 
netically at power frequency with such 
phase and amplitude that it passed across 
the screen only during each recurrence 
of a small time interval embracing each 
current zero moment. At this time the 
rate of change of the deflecting magnetic 
field and so the speed of the beam was 
nearly constant. Voltage calibration 
was provided by superimposing the hori- 
zontal lines resulting from application of 
open circuit voltage (these being the 
positive and negative peaks of the voltage 
waves), and time calibration by further 
superimposing a small amplitude trace 
produced by a calibrated oscillator. 

The oscillograms in Figure 4 of tests 
12,417 and 12,440 show, successively, 
the effect on the reignition transients of 
a 175-ampere arc with 20 pounds per 
square inch air tank pressure of adding 
a small (0.035 microfarad) shunting ca- 
pacitor. Wide variations in reignition 
voltage and time at successive current 
zeros are well illustrated by the three 
reignition traces in test 12,440. The 
smallest value (of negative polarity) 
probably occurred before the contacts 
were fully open. The oscillograms of 
tests 13,110 and 12,848 each show two 
are reignition transients followed by an 
extinction transient, the currents inter- 


Figure 3. Effect of electrode position on 
maximum failure pressures at 13.8 kv and 
various currents for an orifice similar to that 
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A—175 amperes at 13.8 kv, no shunt, 20 
pounds per square inch in the tank, 20- 
kilocycle timing frequency 


B—175 amperes at 13.8 kv, 0.035-microfarad 
shunt, 20 pounds per square inch in the 
tank, 20-kilocycle timing frequency 


C—1,070 amperes at 13.8 kv, no shunt, 80 
pounds per square inch in the tank, 20- 
kilocycle timing frequency 


Figure 4. Cathode-ray oscillograms of arc 
reignition and extinction voltages 


rupted being 1,070 amperes and 2,260 
amperes, respectively. In test 13,110 
the circuit, containing an air-core reactor, 
was unshunted and in test 12,848 a de- 
laying shunt of 0.102-microfarad capaci- 
tance was added. 

The results of a long series of such 
oscillographic measurements of tests 
with the Figure 1C type orifice were 
plotted and are shown in Figure 5. In 
addition to the reignition voltage points 
marked with open circles, in many cases 


A—(left)Downstream electrode positionvaried 


D—92,260 amperes at 9.2 kv, 0.102-micro- 
farad shunt, 5 pounds per square inch in 
the tank, 33-kilocycle timing frequency 


the peaks of recovery voltage transients 
which did not cause reignition (extinction 
voltages) were also plotted and marked 
with solid circles. Where possible, en- 
velopes were drawn enclosing the esti- 
mated regions of uncertainty within 
which most of the breakdowns occurred. 
Low breakdown points near or outside 
the envelopes, when indicated by adjacent 
question marks, were judged probably 
to indicate breakdowns at less than 
maximum contact separation. The dotted 
lines through the origin are lines of a 
theoretically calculated dielectric re- 
covery to be explained later. 


B—Lright) Upstream electrode position varied 
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fron the ahi ate ana. of the measure- _ 
ment of the longer times probably in- 
volved errors of not more than 10 per 
cent, but random errors of as much as 50 
per cent may easily be present in the 
measurement of recovery times of the 
order of 10 or 20 microseconds because 
of skewing of the oscilloscope axis and 
uncertainty in locating the often poorly 
“current zero” 
This moment was taken as that at which 
the course of the arc terminal voltage 
began to be determined mainly by the 
circuit rather than by the arc. 
_rms currents, this point on the are termi- 
nal voltage record is generally clearly 
marked by a sudden radical change 


moment. 


At low 


KILOVOLTS 


° 100 200 300 600 
MICROSECONDS 2 AFTER CURRENT Zeno 


tion ‘point b le 
the oscillograms ee ries ; 
less clear i in physical meaning, 


bof om the mosh) ons pe 
which is the only point at whi the 
current is certainly known to be z 
It should be kept in mind, then » 
that “time after current zero’’ plotted 
in the figures actually means time after > 
apparent arc failure. ~~ 
An outstanding feature of all experi- f 
ments with a-c arcs in general and arcs. ‘ 


E—175 amperes at 20 pounds per square inch 
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Figure 5A-F. Di- 
electric recovery 
following apparent 
arc failure at current 
zero by 60-cycle 
arcs of various cur- 
rents in a 0.765-inch 
solidly connected 
metal orifice with 
air flow from the 
tank at various gauge 
pressures 


Orifice of Figure 1C 

D—175 amperes 

at 40 pounds per 
squareinch 
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MICROSECONDS AFTER CURRENT ZERO 


F—175 amperes at 5 pounds per square inch 


in an air blast in particular is the very 
wide and apparently random variation 
in dielectric recovery, not only between 
tests but also between successive current 
zero moments, These are well illus- 
trated by all of the curves in Figures 5 
and 6, as well as by the oscillograms of 
Figure 4. The especially great varia- 
bility characterizing the reignition of low- 
current arcs (Figure 5, A-F) probably is 
due in part to the variability in the 
currents just preceding arc failure. 
Similar variations in are failure current 
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Figure 5G-I. Di- 
electric recovery 
following apparent 
arc failure at current 
zero by 60-cycle 
arcs of various cur- 
rents in a 0.765-inch 
solidly connected 
metal orifice with 
air flow from the 
tank at various gauge 
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were first observed and pointed out by 
Attwood, Dow, and Krausnick,’ who also — 
measured and plotted dielectric recovery 
envelopes similar to those presented 
here except that they were for low current 
arcs in still air and in comparatively low 
voltage circuits. - 

A general survey of the whole array of 
recovery envelopes and partial envelopes 
of Figure 5, covering the ranges of cur- 
rents and pressures: 50, 175, 1,100, 
2,200, and 4,200 amperes at 40, 20, and 
5 pounds per square inch air tank pres- 
sure, reveals certain basic characteristics. 
more or less common to them all. These 
characteristics are most clearly shown 
in Figures such as 5I and 5L where a 
combination of high current and low air 
pressure resulted in a slower and so more 
easily followed recovery than in many of 
the other figures. These envelopes ex- 
hibit three separate regions or successive 
stages of recovery. At very short times 
(up to 10 or 20 microseconds in these 
figures) reignition voltages are only 
moderately higher than the last are 
voltages in the preceding half cycle, 
indicating relatively slight dielectric re- 
covery. After this pause, however, the 
reignition voltages show a rapid rise 
with time along loci roughly parallel to 
the linear rate of rise values indicated 
by the dotted lines through the origin. 
This region of rapid recovery at a nearly 
constant rate is ended, with this orifice, 
when a rather broad and nearly hori- 
zontal breakdown region is reached where 
the dielectric strength becomes almost 
independent of time on this few-hundred- 
microsecond scale. Although showing 
wide variations and not always so clearly 
defined, this same pattern seems to char- 
acterize the dielectric recovery under all 
the conditions of current and air pressure 
covered by these tests. At currents as 
low as 50 and 175 amperes, the greater 
natural period of the higher-inductance 
circuits did not permit exploration of the 
very short times in which the initial 
pause might be expected to be evident 
and so the results are inconclusive with 
regard to the existence of a delay period 
at such low currents. Even the rapid- 
rise portions of the recovery envelopes 
were largely missed at these currents, 
especially at the higher pressures. The 
reignitions at 40 pounds per square inch, 
for example (Figures 5A and 5D), ap- 
parently occurred entirely in the nearly 
time-independent region. At 1,200 am- 
peres (Figure 5, G-I) most of the early 
reignitions fell within the rapidly rising 
recovery region following a possible 
initial pause. At 2,200 amperes (Figure 
5, J-L) and more especially at 4,200 
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source were insufficient even to reach | 
Figure 6 is a plot of a few dielectric : 


Figure 5J-O. Dielectric recovery following | 
apparent arc failure at current zero by 60-cycle : 


connected metal orifice with air flow from the © 


-Tecovery tests with the more efficient 
insulated and vented orifice arrangement 
of Figure 1B at the same current and air 
pressure as the results of Figure 51 for 
the Figure 1C orifice. The superiority 
of the Figure 1B orifice is evident in its 
slightly shorter initial pause, its some- 
what more rapid subsequent recovery, 
and in its much higher plateau voltage 
limit. This latter is in agreement with 
the interruption data of Figure 2 where 
_ the greatest difference in performance 
_ appears at low currents where reignitions 
* occurred only in or near the plateau 
region. 
4 In conjunction with the dielectric re- 
_ covery envelopes, the results of Figure 3 
now help to locate in space along the 
orifice axis the different time regions of 
dielectric recovery. Since the reignitions 
of the 175-ampere arc in the unshunted 
_ test circuit occurred generally in the 
third, or plateau, time region only, the 
’ plateau dielectric strength appears, in 
Figure 3A, to be fairly well distributed 
along the flow axis. The early dielectric 
recovery determining the extinction or 
reignition of the 1,100- and 2,000-ampere 
arcs, however, is shown to be quite closely 
confined to a short portion of the arc 
- channel near the minimum flow section. 
Figure 3B seems to show that this critical 
arc length for early dielectric recovery 
lies nearer to the orifice entrance for the 
2,000-ampere arc (faster circuit) than 
for the 1,100-ampere arc (slower circuit), 
suggesting that effective dielectric 
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Figure 6. Dielectric recovery following 

current zero by a 1,100-ampere 60-cycle arc 

in the Figure 1B insulated metal orifice, lower 

contact vented, with air flow from the tank at 
5 pounds per square inch gauge pressure 
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strength makes its first appearance near 
the entrance and then progresses along 
the axis in the direction of the flow. 


Discussion of Results in 
Terms of Theory 


Space limitations do not permit an 
extended treatment of the various di- 
electric recovery theories in this paper, 
but a few possible theoretical interpreta- 
tions of the foregoing results will be 
indicated briefly. There still remains 
so much of vagueness and uncertainty in 
the physical picture of the rapidly chang- 
ing a-c arc space near a current zero that 
precise calculations on the basis of any 
theory are impossible. Only very broad 
limits, at best, can be calculated, often 
so broad as to be valueless in distinguish- 
ing between theories. 

The apparent initial mean time delays 
before the beginning of rapid dielectric 
recovery have been estimated roughly 
from Figure 5, G—O, and presented in 
Table I as functions of pressure and 
rms arc current. 

It is possible that these delays, observ- 
able only at the higher currents, are, or 
should be thought of as, mere transition 
periods of rapidly decreasing but still finite 
are conductivity preceding actual arc ex- 
tinction,’ which extinction may coincide 
with the observed upturn in dielectric 
strength. If, on the other hand, this 
delay can be thought of as a period when 
the arc is already essentially out (having 
negligible conductivity) the delay may 
be explained in various ways. By 
analogy with the cooling of an initially 
uniformly heated solid cylinder, the 
diffusion theory would predict just such 
an initial delay preceding a rapid fall of 
temperature and ion density along the 
are axis. Quantitative agreement with 
the observed time values can also be 
shown for a one-millimeter arc channel 
by using Slepian’st assumption of a 
hundred fold or so increase in diffusion 
rate due to turbulence. If the cooling, 
and deionization of the last arc filament 
should be much faster than this, a time 
delay of the same order can also be cal- 
culated to result from the finite rate of 


Table I. Time Delays 


Pressure 
Initial Time Delay in » sec 


Psi Gauge Abs Atm at Various Currents 
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acceleration of the surrounding cold and 
comparatively dense air as it closes in 
on the low density and so electrically 
weak arc channel after its temperature 
and hence its pressure have dropped to 
a low value. With very rapid cooling, 
such a momentary associated pressure 
drop along the arc axis might at least 
be contributory to the delay in dielectric 
recovery. 


The subsequent rapid dielectric re- 
covery also follows from the turbulence 
enhanced diffusion theory, both qualita- 
tively and quantitatively. After the 
initial appearance of appreciable dielectric 
strength, probably at some most favorable 
point along the arc axis, it may be ex- 
pected to increase rapidly also by length- 
ening of the affected region by axial pro- 
gression of the cooling and recompression 
process and further by the stretching ac- 
tion of the nonuniform-air velocity near 
the flow constriction. That sucha proc- 
ess may be tied loosely to and so tend to 
vary with the product of mean air velocity 
and air pressure (or density) is not sur- 
prising. This correspondence is evident 
in the rather marked agreement (discrep- 
ancy two to one or less) between the steep 
slopes of most of the well defined dielec- 
tric recovery envelopes and the slopes of 
the dotted lines drawn through the ori- 
gins. These lines were drawn in accord- 
ance with the simple displacement theory 
of Prince? on the assumption of a dielec- 
tric barrier of sound air formed at ‘“‘cur- 
rent zero” at the ‘“‘vena contracta’” and 
growing with the air velocity existing at 
this point. At first glance, this agree- 
ment appears to support the displacement 
theory, at least in part, but Slepian has 
shown! that the formation of such an as- 
sumed sound fluid barrier by simple dis- 
placement is physically impossible and 
the foregoing consideration of the prob- 
able diffusion process shows that the 
agreement can be explained on a basis 
other than that of simple displacement. 


An interesting feature of the plateau 
dielectric strength values is their rela- 
tive insensitivity to pressure, especially 
at the higher currents. The upper and 
lower limit values at 300 microseconds 
(well within the plateau region in all 
cases) have been plotted as a function of 
the air pressures at the orifice entrance 
in Figure 7 for different arc current values. 
The loci of the envelope limits are com- 
pared with a dot-and-dash line through 
the origin representing a linear extrapola- 
tion of the observed 60-cycle breakdown 
voltage at atmospheric pressure with 
neither air flow nor preliminary arcing. 
The growing departure with increasing 
arc current of the plateau breakdown 
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Figure 7. Effect of pressure on dielectric 

‘strength recovered 300 microseconds after 

‘extinction of arcs of various currents in the 
Figure 1C orifice 


‘limits from such a no-arc line is particu- 
larly hard to explain on the basis of simple 
‘displacement of the arc channel by the 
air flow. It definitely seems to suggest 
the continuing presence of a still some- 
what heated and perhaps partially ion- 
ized path along the arc channel after the 
initially very rapid diffusion has become 
‘comparatively slow. The presence in 
this orifice of a ‘‘dead space’”’ of high pres- 
‘sure and low velocity gas at the tip of the 
‘upstream contact may be expected to 
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B—175 amperes 


contribute to the slow disappearance of 
this residual contaminated are path. 
The shape of these curves and some in- 
complete recovery data at higher pres- 
sures suggest that these breakdown volt- 
ages all increase more rapidly with pres- 
sure in the higher pressure range used in 
practical circuit breakers than they do at 
the lower pressures covered by these 


figures. 
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Applications of Thin Permalloy Tape in 
| Wide-Band Telephone and 


Pulse Transformers 


A. G. GANZ 


MEMBER AIEE 


HE development of thin permalloy 

tape and its use in cores have re- 
sulted from the increasing need for ef- 
ficient magnetic structures at high fre- 
quencies. For some time for example, 
the trend in the telephone plant has been 
to the use of higher frequencies in the 
longer distance toll circuits. The reason 
is that these permit the simultaneous 
transmission of a larger number of tele- 
phone conversations over a single con- 
ducting circuit. The coaxial transmis- 
sion system developed before the outbreak 
of the war, operates over the range of 
about 64 to 3,200 kilocycles and required 
transformers for repeater amplifiers and 
terminals capable of passing this wide 
band efficiently. Eddy current effects 
at these frequencies preclude the use in 
such transformers of magnetic material 
in conventional thicknesses. 

With the advent of radar pulse trans- 
formers were needed urgently to trans- 
mit high power pulses. The latter are in 
the order of a microsecond in length and 
square-shaped with very steep sides. 
Fourier analysis of the pulses reveals 
large components of energy at high fre- 
quencies. Consequently, here also cores 
with low eddy current losses are required 
for the transformers, not only to assure 
the faithful transmission of the pulse 
shape, but also to reduce heating to per- 
missible values. 

The use of magnetic powder might sug- 
gest itself for these high frequency pur- 
poses. However, this involves a three 
dimensional subdivision of the material. 
The effect of the particle separations in 
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the direction of the flux is equivalent to a 
large series air gap in the core, and the 
net permeability, even with the best al- 
loys, is much too low. With punched 
laminations, as they are made thinner to 
reduce eddy currents, the number re- 
quired for a given stack-up increases. 
Then fabricating, handling, and insulat- 
ing the thin laminations to form cores be- 
come a problem. 

There is thus an area of high intrinsic 
permeability and low eddy current losses 
which is satisfied neither by powder cores 
nor, at the other extreme, by practical 
punched lamination structures. It is 
here that permalloy cores of tape 2 mils 
and less in thickness find their field of use. 
The tape may be insulated and formed 
into cores in a continuous operation as 
will be described. The magnetic circuit 
is essentially closed. For the wide-band 
application small toroidal cores of one mil 
tape accordingly were used. For the 
pulse transformer applications one and 
two mil permalloy tape in the form of 
larger rectangular cores found immediate 
successful use. The excellence of the re- 
sults obtained in these designs is largely 
attributable to these materials. 


Fabrication 


The permalloys are well adapted to use 
in thin tape cores. They can be rolled 
to one mil and less with relative ease com- 
pared, for example, with silicon iron. 
Nor are their magnetic properties ma- 
terially impaired in the process. Of the 
two permalloys that mainly have been 
used for such purposes molybdenum perm- 
alloy has the higher permeability. It 
consists of 4 per cent molybdenum, 79 per 
cent nickel, and the remainder iron. 
However, 45 permalloy has a higher satur- 
ation value. It consists of 45 per cent 
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nickel and 55 per cent iron. Both these 
alloys are melted in an arc furnace, and, 
after hot rolling of the thicker sections, 
the strip is cold rolled to finished size. 
For the thinnest tapes the final reductions 
are carried on in a multibacked rolling 
mill with small work rolls. For some ap- 
plications the tape is used at 1/4 mil and 
1/8 mil thicknesses. The latter is ob- 
tained by plating an equal thickness of 
copper onto the tape and rolling the com- 
bination down to 1/4 mil. The copper 
then is removed by an acid bath, leaving 
the desired 1/8 mil tape. Cross sections 
of thin tape are illustrated in Figure 1. 

The method of insulation that has been 
found best is by cataphoresis, that is, the 
electrodeposition of fine colloidal parti- 
cles. In this process the tape is passed 
through a suspension of silicic acid in 
acetone. The tape is kept at a positive 
potential of from 5 to 45 volts with refer- 
ence to the container. The charged par- 
ticles of the acid powder are attracted to’ 
the tape and form a very uniform coat- 
ing, the thickness of which is under the 
control of the operator. The tape is 
dried by means of hot air jets as it leaves 
the bath and is wound under tension on a 
mandrel to form the core. The coating 
so applied is quite adherent. The ap- 
paratus that has been developed for this 
process is illustrated in Figure 2. The 
insulated core is heat treated in an atmos- 
phere of hydrogen, and when rectangular 


Molybdenum permalloy tape of 


Figure 1. 
1/8 mil, 1/4 mil, and one mil thickness 


Thicknesses compared with that of human hair 
shown at right. Magnification 100 X 
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shaped it is held in clamps to maintain 
close dimensional tolerances. At the 
high temperatures the silicic acid dehy- 
drates to silicon dioxide which provides 
the final interlaminar insulation. It also 
prevents welding of adjacent layers of 
tape during treatment. This process re- 
sults in a fully adequate insulation and a 
typical packing factor of 80 per cent for 
one mil tape. 

The cores so made are sufficiently rigid 
to require no strengthening by impregna- 
tion. Windings are applied to the closed 
cores by winding machines with circular 
shuttles. For some uses, a very small 
air gap is advantageous as will be de- 
scribed. The core is cut into halves using 
a wet rubber-bonded cutoff wheel. The 
windings are applied directly to the core 
halves. These are reassembled and the 
butting surfaces held together under pres- 
sure. 


Application to Wide Band 
Transformers 


In the design of wide band transform- 
ers* for carrier telephone circuits, the 
problem is to obtain a sufficiently wide 
transmission band with low attenuation. 
Leakage inductance is a major factor in 
limiting this band. Reducing the leak- 
age by closer coupling of the windings 
usually increases the winding capacitances 
which also restrict the range. Lower 
leakage therefore must come from the 
use of better cores which permit fewer 


* The design of the amplifiers in which these are 
used impose many other requirements, the discus- 
sion of which is beyond the scope of this paper 
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turns without increasing the shunt at- 


tenuation. It is for such reasons that 
magnetic materials having higher per- 
meabilities at frequencies above 50 kilo- 
cycles are needed. 

Transformers in telephone circuits 
operate at low alternating voltages, and 
the flux densities in the cores are corre- 
spondingly low, less than 20 gausses. 
Molybdenum permalloy is characterized 
by very high permeability at low den- 
sities and also by very low hysteresis ef- 


fects. This latter feature is valuable, 
since magnetic modulation might other- 


wise cause objectionable interchannel 
cross talk and noise. Figure 3 gives the 
effective permeability and Q of molvb- 
denum permalloy tapes in the form of 
cores. A curve for 14 mil material also is 
400 


200 


Figure 2. Cataphoresis insulating equipment 

4—Tape supply spool and Prony brake 

Q9—Cover for insulating bath 

3—Motors for agitating suspension 

4—Hot air jets 

5—Mandrel on which core is wound 

6—Take-up mechanism which winds tape 
under tension 

7—Control panel 


given for purposes of comparison. As 
pointed out previously, the windings are 
applied to these cores with shuttle type 
winding machines. This permits a con- 
tinuous magnetic circuit to be used and 
the high permeability of the tape to be 
fully retained in the core. The fact that 
the permeability of thin tape holds up at 
high frequencies is noteworthy and ac- 
counts for the low attenuation of the 
transformers. Figure 4 shows a typical 
core of one mil tape together with a trans- 
former in which it is used. 


Application in Low Voltage Pulse 
Transformers 


Radar indicator circuits employ trans- 
formers passing low amplitude pulses of 
short duration. The high frequency 
components of the pulses correspond 
roughly to those of the wide band trans- 
formers and the design considerations re- 
quiring a high effective permeability core 
apply here also. However, the core ma- 
terial then is operated over a different por- 
tion of its magnetic characteristics from 
that for alternating current, 


Figure 3. Effective permeability and Q of 


three thicknesses of 4-79 molybdenum perm- 
alloy as a function of frequency 
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Each unidirectional pulse conditions 
the material for the succeeding pulse. 
From the basic relatione = — K,NA X 
(dB) + (dt) each pulse demands a flux 
density change AB=(K-Et)+(NA), 
where £ is constant during the pulse. 
For virgin material the initial flux density 
swing, O—P,—B, leaves the material 
magnetized to the value B,, as shown in 
Figure 5, the falling portions of the loop 
P,—B, representing the decay occurring 
between pulses. The next cycle leaves 
the material magnetized to the value Bz, 
and so on. The steady state condition 


B,—P,—B, is reached when the falling 


portion of the loop is equal to the flux den- 
sity change required by the pulse. The 
permeability that applies is then the ratio 
of the change in B to that in H for this 
cycle. For larger flux changes the loop 
becomes B,—P,—B, where B, is near the 
retentivity of the material. This per- 
meability value is always substantially 
less than the initial permeability and for 
molybdenum permalloy is in the order of 
4,000 for a 1,000 gausses change. Re- 
verse magnetization between pulses alters 
the phenomena, and this will be described 
under high power pulse transformers 
where it is more likely to occur. 

The permeability values as described 
are of course reduced by eddy currents 
owing to the rapid change of flux during 


Pr 


Ba 


FLUX DENSITY 


MAGNETIZING 


FORCE 


Figure 5. Sequence of flux-density changes 
with repeated unidirectional pulses, namely, 
O—P,—B,, B, —P:—B2, ++ -B,—P,—B,,; larger 


changes result in B,—P,—B, 
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Figure 4. One mil 

4-79 molybdenum 

permalloy core and 

transformer in which 
it is used 


Operating range 
64-3,200 kilocycles 
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Figure 6. Relative flux density distribution 
in tape with square pulse voltage excitation 
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The average flux density By» increases linearly 
with time 


6 
A—y= a (surface) 


E—y=0 


p=resistivity of tape in ohm-centimeters 
5=thickness of tape in inches 

t=time in seconds 

u=d-c permeability 

y =distance from mid-plane of tape in inches 


s 


the pulse. For low density operation the 
characteristic of the material may be re- 
garded as linear for analytical purposes. 
The equations for flux distribution, ef- 
fective permeability, and losses for the 
linear case are given in the appendix. 
Ranges of values are given in the graphs 
of Figures 6 and 7. 

These graphs illustrate the extreme 
variation of flux density which may be 
caused by eddy currents and the corre- 
sponding low permeability which may ob- 
tain with pulses of short duration, that is, 
small values of ¢. They also illustrate 
that this loss of permeability may be re- 
covered to any desired extent by using 
thinner magnetic material, that is, smaller 
values of a. These considerations have 
led to the use of thin tape in low voltage 
as well as in high voltage pulse transform- 
ers. In a typical case one mil molyb- 
denum permalloy was required. The 


‘core was toroidal and very similar to that 


illustrated in Figure 4. By this means 
it was possible in the transformer to trans- 
mit one microsecond square pulses with 
0.05 microsecond sides without appreci- 
able distortion. 


Application in High Power Pulse 
Transformers 


These transformers are used in the 
modulator circuits of radar transmitters 
to impress pulses on magnetrons. Power 
ranging from 100 to 1,000 kw is carried 
by these transformers for the duration 
of each square pulse. The high winding 
voltages range from 10 to 30 kv. Most 
uses demand small size and weight in ap- 
paratus, especially air-borne equipment. 
It is thus necessary that transformers for 
these powers insulated for the high volt- 
ages be designed on small core structures; 
for example, 2 pounds for 300-kw pulses. 
Further, the magnetrons to which the 
transformers are connected are voltage 


Figure 7. Curves for 
computing the effec- 
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tive permeability 
U) 
and the eddy current =. 
loss in tape with ee 
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Pp=RESISTIVITY IN OHM-CM 
B=D-C PERMEABILITY 


When t is taken as 
the pulse length, J is 
the total loss during 
and after the pulse, 
assuming that the 
voltage is zero after 
the end of the pulse 
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sensitive in their operation. Appreciable 


magnetizing current being drawn through _ 


the source impedance is objectionable as 
it tends to reduce the voltage applied. 
All these factors impose severe demands 


_on the core material requiring thin tape of 


the high quality obtainable in the perm- 
alloys.* rim the 


Range of Flux Density 


The power capability of the transform- 
ers obviously is governed by the flux 
density range in the core material. 
Where there is simply decay of the flux 
between pulses, the minor B—H loops 
traversed are like those shown in Figure 5. 
The useful flux density range is limited 
by the difference between saturation and 
retentivity. Generally speaking, as the 
magnetic quality of materials is improved 
and the permeabilities increase, the loops 
become more nearly square. This is illus- 
trated for the two permalloys in Figures 8 
and 9. Consequently, the difference be- 
tween saturation and retentivity becomes 
less. 

The available flux range can be in- 
creased substantially by the addition of 
an appropriate air gap. This is illus- 
trated by the dotted hysteresis loop of 
Figure 8 for molybdenum permalloy with 


a 0.02 per cent air gap. The loop is 


sheared compared with the normal loop, 
and the apparent retentivity has been re- 
duced to about 400. The flux density 
range now is increased to B,—B,’, ap- 
proximately 8,100 for the proportions 
shown in the figure. The maximum per- 
meability, however, has been reduced, 
which represents some sacrifice in effi- 
ciency to obtain the flux range. The 
principle of adding an air gap for this pur- 
pose has found general use where reversal 
between pulses, as will be described, was 
not effective. 


Reverse Magnetization 


If, during the long interval between 
pulses, the material is magnetized in a re- 
verse direction, an even wider flux range 
can be obtained. Referring to Figure 9 
the peak reverse current between pulses 
provides a reverse magnetizing force of 
H,. This causes the material to traverse 
the P—B,—A—B, section of the loop. 
The rate is slow enough not to be affected 
by eddy currents. When the next pulse is 
applied, the flux can swing from B, to P. 


* 4-43 Permalloy, a new alloy, also has been used, 
to a limited extent. It consists of 4 per cent molyb- 
denum, 43 per cent nickel, and the remainder iron. 
It is characterized by high resistivity and the core 
losses are accordingly at least 30 per cent lower 
than other materials. 
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Figure 8. Hysteresis loop of one mil 4-79 

molybdenum permalloy obtained on com- 

pleted core, showing effect of 0.02 per cent 
air gap 


Packing factor 0.8 


The material then is being used over the 
steepest part of the loop where the per- 
meability is upwards of 50,000 over a 
large part of it (see Figure 9). It is pos- 
sible with high enough peak reverse cur- 
rent to make available the limiting range 
from the retentivity below the axis to sat- 
uration above, that is, 10,000 + 16,500, 
or a total swing of 26,500 gausses for 
45 permalloy. It is clear from the illus- 
tration that the reverse magnetizing 
force to be very effective must be at least 
greater than the coercive force of the ma- 
terial. Itis also clear from comparing the 
solid with the dotted loops of Figure 8 
that much better results can be obtained 
with a closed magnetic circuit than 
with an air gap. A reverse direct 
current fed to the winding has been used 
experimentally, raising the limiting flux 
swing to twice saturation. This has not 
been found of sufficient advantage in the 
pulse transformer cases considered to 
warrant the attendant circuit complica- 
tions. 

Reverse magnetization between pulses 
has been used very successfully in prac- 
tice to obtain wide flux swings. The 
permalloys are especially well adapted to 
take advantage of this feature by virtue 
of their low coercive forces, which are 
0.05 and 0.3 oersted as illustrated in 
Figures 8 and 9. These values permit re- 
versal to be effected with minimum mag- 
netizing forces. 


High Density Pulse Magnetization 


With high power operation the effect 
of the eddy currents on short pulses is usu- 
ally to saturate the surface of the tape. 
This follows from the large differences in 
flux density within the tape as illustrated 
in Figure 6. Under these conditions the 
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Figure 9. Hysteresis loop of 2 mil 45 perm-— 

alloy obtained on completed core, showing — 

flux density cycle with reverse magnetizing | 
force 


Packing factor 0.9 


characteristics of the material are not at 
all linear, and the equations previously 
referred to do not directly apply. Un- 
fortunately, the rigorous analysis of the 
nonlinear case is, at the least, laborious. 

The high density behavior may be ana- 
lyzed readily by making simplifying as- 
sumptions appropriate to the high per- 
meability alloys. It will be observed 
from Figures 8 and 9 that the d-c perme- 
ability over most of the range is exceed- 
ingly high with a rapid transition to satu- 
ration. Accordingly, let infinite d-c per- 
meability but finite saturation be as- 
sumed. At the start of the pulse the flux 
is confined to the surfaces of the tape 
which saturate. The saturated regions 
propagate toward the center of the tape 
until the pulse ends or until the entire 
lamination is saturated. Equations for 
permeability and loss for this case are 
derived in the appendix. 

The behavior of actual tape of the best 
magnetic materials approximates that 
described. For example, for 1.1-mil tape 
the computed value of 5,050 for a 2.1- 
microsecond pulse using these equations 
is approached by the measured value of 
4,000 (see Figure 11). The previous 
equations for the linear case are also of 
some use for high densities if a proper 
averaged value of d-c permeability is 
assumed. Together the two sets of equa- 
tions provide a check on empirical data 
and serve as a guide in design. 


Pulse Loops 


Magnetic materials and cores are evalu- 
ated experimentally by pulse loops. 
The measuring circuit operates on the 
same principle as the familiar hystereso- 
graph often used for obtaining 60-cycle 
loops. A schematic of the pulse circuit 
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Figure 10. Simplified circuit schematic for 
presentation of pulse loop on oscilloscope 
screen 


for oscilloscope presentation is shown in 
Figure 10. The lower portion of the loops 


obtained defines the material, the return 


trace varying with circuit conditions. 
Calorimetric methods are relied upon for 
accurate loss determinations. Figure 11 
shows the pulse loop of one-mil molyb- 
denum permalloy tape in a core with 
0.3 oersted reverse bias. The effective 
permeability is seen to be 4,000 with a 
flux swing of 14,000 gausses. The loop 
was taken with a reverse d-c bias instead 
of peak reversal between pulses, since the 
measuring circuit is better adapted to the 
former procedure. Peak reversal yields 
somewhat-less flux swing, in this instance 
about 12,500 gausses. Figure 12 shows 
how different reversals affect the pulse 
permeability of a 45 permalloy core. 
The data were obtained from pulse loops 
with varying average flux densities. 
Figure 13 gives data on the pulse perme- 
ability of two thicknesses of molybdenum 
permalloy with small air gaps. 

Figure 14 shows a pulse transformer 
which has found wide use in air-borne 
radar equipments. The core shown with 
it is the one on which the pulse loop 
of Figure 11 was taken. Figure 15 shows 
a large pulse transformer with a 45 perm- 
alloy core. In contrast there is shown 
one of the smallest transformers of this 
type. These illustrate the range of ap- 
plication of the superior magnetic prop- 
erties of thin permalloy tape. 


Application to Nonlinear Coils 


It is characteristic of molybdenum 
permalloy mentioned here that the mag- 
netization curve is very steep, that it has 
a relatively sharp transition to the satu- 
rated condition, and that the perme- 
ability there is very low. Valuable use 
has been made of these features in the 
generation of groups of harmonics. The 
basic circuit is shown schematically in 
Figure 16. The generator provides 
current of the fundamental frequency 
to which the series coil and capacitor 
are resonant. During that part of 
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Figure 11. Pulse loop of 1 mil 4-79 


molybdenum permalloy with reverse bias ob- 
tained on completed core without air gap 


Packing factor 0.8 


EFFECTIVE PERMEABILITY 
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Figure 12. Effective permeability with 5 
microsecond pulses obtained in completed 
core of 2 mil 45 permalloy without air gap 


Packing factor 0.9 


A—Reverse d-c bias, 0.52 oersted 
B—O.28 oersted 

C—0.078 oersted 

D—No bias 


the cycle. where the nonlinear coil 
has a high inductance, the capacitor 
C, is charged. As the coil begins to satu- 
rate its inductance falls and the capaci- 
tor discharges through it. This carries 
the material farther into the saturated re- 
gion where the permeability is very low. 
The coil thus acts as a magnetic switch 
by which a sharply peaked current pulse 
rich in harmonics is generated. These 
harmonics pass through appropriate 
equalizers and filters to supply the car- 
rier currents to multichannel coaxial and 
other carrier systems. Coils of this type 
are attractive as modulating devices, as 
they are stable and have an indefinitely 
long life compared to vacuum tubes. 


The efficiency of the device requires 
that the inductance during the nonsatu- 


Ganz—A pplications of Permalloy Tape 


i ae 
Se 
: epoca te 
) 2000 4000 6000 8000 

FLUX DENSITY GAUSSES 


Figure 13. Effective permeability chatecter- 
istics of 4-79 molybdenum permalloy ob- 
tained in completed cores with small air gaps 


Packing factor 0.7 for 1/2 mil tape and 0.8 for 
1 mil tape . 


Figure 14. Rectangular core of 1 mil 4-79 
molybdenum permalloy and pulse trans- 
former in which it is used 


Pulse power 100 kw 


Figure 15. Rectangular core of 2 mil 45 

permalloy weighing 3 pounds and 1/4 pound 

core of one mil 4-79 molybdenum permalloy 

with the pulse transformers in which they are 
used 
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“rated interval be very high compared to. 


the saturated interval. For a funda- 
mental of 120 kilocycles the flux swing 
from negative saturation to positive 
takes place in less than 4 microseconds. 
The approach to saturation takes place in 
tenths of a microsecond. If eddy cur- 
rents are not minimized, much larger 
power input is needed to avoid broadening 
the peaked pulse and so reducing the out- 
put of high frequency harmonics. These 
considerations again dictate a core of 
very thin molybdenum permalloy tape, 
in this instance 1/4 mil. This core in a 
specific case has differential permeability, 
with eddy currents, over the steep part of 
the curve of more than 10,000. This is 
in striking contrast to the value of 3 at 
the flat portion of the curve, where it is 
driven by the peak magnetizing force of 
20 oersteds. Similar coils have found 
military uses. In tank communication 
circuits they provide means for frequency 
modulation of a desired harmonic of the 
carrier input. The fundamental fre- 
quency there is 400 kilocycles requiring 
1/8 mil tape. In order to operate ef- 
fectively at this frequency and with small 
power, the cores were designed with a 
diameter of 0.3 centimeter and weigh 
only 20 milligrams. Figure 17 illustrates 


coils of this type. 
Nonlinear coils have found further im- 
\ 
; Cc, C2 
———P OO 
FUNDAMENTAL HARMONIC 
FREQUENCY CURRENT CURRENTS 


Figure 16. Elementary circuit for harmonic 
generation by nonlinear coil 


Figure 17. Cores of 1/4 mil and 1/8 mil 4-79 
molybdenum permalloy used in harmonic 
generator coils 


Tape is wound on ceramic forms for mechanical 


support. Weights of metal 60 and 20 milli- 
grams, respectively 
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one mil 4-79 molyb- 


Figure 18. Cores of 


denum __ permalloy 

tape and partially as- — 

sembled nonlinear 

coils in which they 
are used 


Weights of core 

stacks and _ pulse 

powers are as fol- 

lows: 30 pounds, 

1,000 kw; 2 pounds, - 

100 kw; 1 pound, 
50 kw 


portant use as magnetic switches in the 
generation of high power pulses. These 
are accompanied by heavy currents up to 
100 amperes. Nonlinear coils readily 
can be designed to carry heavy currents 
in the saturated condition. They there- 
fore can function as high current switches 
with the feature that they do not deteri- 
orate with use. Cores of one mil molyb- 
denum permalloy tape for this purpose 
weigh from 2 to 30 pounds and are illus- 
trated in Figure 18. They are used in ra- 
dar equipments. 


Appendix 


Voltage Pulse Magnetization—Linear 
Case 


The applied voltage is taken as constant 
for the duration of the pulse which is the 
usual condition for pulse transformer opera- 
tion. If a homogeneous material with con- 
stant permeability and not saturable is as- 
sumed, the following expressions are de- 
rived* from Maxwell’s equations by straight- 
forward methods. The flux distribution 
during the pulse after an interval of time tis 
given by 


B sae ies 1 49.3p¢ 
Bavg pt _ 6 6 yd*1078 
9 — (—1)" 2ury —487n2%t 

— ex p——_—— 1 
x x n? 6 *Pyanio- 6] “P 


where the average flux density in the tape is 


15.5Et 
B=avg—— 10+ 


NA 
gausses. 


The effective permeability, defined for 
pulses as the ratio of the average flux density 


* By Doctor L. A. MacColl, Bell Telephone Labo- 
ratories, Inc. ; 
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in the tape to the magnetomotive force at 
the surface, at time ¢ during pulse is given by 
at ~~ ' y 


49.3pt 1 49.3pt 
= G7) (Ea Cae eS 
tance rite [+ Bae 


5 ae —487n%t]-1 

= 8 ee el 

plu” = @?710—& (2) 
The total energy loss due to eddy currents 

during and after the pulse, assuming that 


the voltage after the pulse is zero for in- 


finite time, is given by , 
—4.29F%84[ 49.3pT 1 P 
~ 109N24%2| 5210-§ 15 


45710-§ 


watt-seconds per cubic inch per pulse (3) 


Gc othe et] 
— 0 0 exp—_— 
Tv 


n=l 


This equation is plotted in Figure 7. The’ 


conditions assumed apply to a well-designed 
pulse transformer in the usual circuit. 
There the voltage in the relatively long 
interval between pulses is small, and the 
total flux decays so slowly that the eddy 
current losses from this source can be neg- 
lected. On the other hand, eddy current 
losses accompany the rapid transition from 
a nonuniform to a uniform distribution of 
the flux within the tape after the pulse, and 
these losses are included in the foregoing 
expression. 

If the voltage after the pulse is not small, 
no general expression can be given as the 
loss then depends on the particular condi- 
tions. However, the loss during the pulse 
itself, which is the major part, is determined 
and is given by 


2.5487 T 20.845? — 
ya ee 
At L126 10'p At 
_ 48702 T'p na __ 974n? Tp 
l-e ” "wt 5.2048? J 1—e seat 
nt 10% n=1 n* 


watt-seconds per cubic inch per pulse (4) 


where 
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Figure 19 


=the permeability relative to free space 
without eddy currents 
6=the thickness of the tape in inches 
4 =the distance from the mid-section of the 
tape in inches 
p=the resistivity in ohm-centimeters 
t=the time in seconds 
T =pulse length in seconds 
A =the cross section of the core in square 
inches 
N=the number of turns in the winding 
E=the electromotive force applied to the 
winding, in volts 


Current Pulse Magnetization— 
Linear Case 


The corresponding equations for the cur- 
rent pulse are given for completeness: 


pNI 
B= gee wt 
2.02 rg es és 
a —122n7ot 
ies rg = i se ERS 
sin 3 sin ; exp 7810-8 


gausses (5) 


2.58N2I2u 
mi 105 


ye 
rN 
—122n7oT 
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watt-seconds per cubic inch per pulse (7) 


where / is the length of magnetic circuit in 
inches, and J is the current in amperes, con- 
stant during pulse and zero thereafter. J 
includes the losses during and after the 
pulse. 
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Voltage Pulse Magnetization— _ 
Nonlinear Case With Saturation 
For this case an idealized magnetization 


curve as shown in Figure 19 is assumed. 
With infinite permeability the tape is divided 


_ at any instant into surface sections which 


are saturated and a central section devoid 


_ of flux as shown in the figure. 


For a section of tape of thickness 6 and 
unit length and width, the eddy current 


dx 2.54% 


122 ANB, K Oa amperes 


where AB, is change in flux density from the 
initial value to saturation. AB,;=B, when 
the material originally is unmagnetized. 
Since the permeability is infinite, the mag- 
netomotive force at the surface is only that 
required to maintain the eddy current. 
Whence, H=0.4957, oersted. The change 
in average flux density, ABavg = (2x ABs) + 
6. Whence the effective permeability 


ABavg_ ‘ ill ae 


Me= H 


ete 
Lee 


For the winding 


dx NA 
Ba2Apiy = == 
dts 


By substitution 


3.180NA AB, 


SE ®) 


Ke= 


Since the change in average flux density is 
linear with time, this also may be written 


0.493p7,10 +8 
a, where 7) = 
6 avg 


He= Ee (9) 


where 7) is time in seconds to saturate tape 
without eddy currents. It is also the time 
required to saturate the entire cross-section 
of the tape under the assumed conditions. 
As before, ue is relative to free space, p is 
the resistivity in ohm-centimeters, A is the 
core area in square inches, 6 is the tape 
thickness in inches, B,; is in gauss, — is in 
volts, N turns, and T is pulse length in 
seconds. 

Since the effective permeability is con- 
stant during the pulse, the loss is propor- 
tional to the square of the flux density and 
may be written 


6.52 V FABayg?10-8 
Ke 


loss = watts (10) 


where V is net core volume in inches cubed, 
F is in pulses per second, ABayg is the change 
in average flux density to end of pulse. Since 
magnetic energy is proportional to §HdB, 
there is no storage of energy at any time 
under the assumed condition of infinite 
permeability. 
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Figure 20. Distribution of intersheet eddy 
currents in cross section of core 


Resistivity across stack >> than resistivity of 

tape. The dimension for the width shown jis | 

to be used for the thickness, 6, in the equations 
when these are applied to the core 


Intersheet Eddy Currents 


It is worth noting that all the foregoing 
equations for tape may be employed in’ 
dealing with intersheet effects in a core. 
The resistivity across the stack is ordinarily 
very high compared to that of the tape 
The eddy currents then run essentially per- 
pendicular to the tape, and the current loops 
are completed in the end tapes as illustrated 
in Figure 20. The distribution of flux and 
currents in the cross section is then the same 
as that in a strip having resistivity equal to 
that across the stack, thickness equal to 
the stack width, and of indefinite extent in 
the remaining directions. It is only neces- 
sary to substitute the width w for 6 in the 
expressions and graphs. Evidently, when 
the stack resistivity equals (pw?)+6?, the 
stack losses are equal to those contributed 
by the tape. 
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Objective Testing of Bone Receivers and 


Throat Microphones 
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HE development and testing of inertia- 

type transducers require equipment 
similar to the artificial ear used in the 
testing of air conduction receivers. 

The problem of building a reliable arti- 
ficial ear is relatively simple compared to 
that of constructing an artificial mastoid 
for testing bone conduction receivers, or 
an artificial throat for testing throat 
microphones. The artificial ear employs 
an air cavity, which simulates the cavity 
of the ear and couples the receiver under 
test to a condenser microphone, in order 
to measure the pressure produced in the 
cavity by the receiver. In the case of the 
bone conduction receiver, the role of the 
air cavity is played by a layer of skin, 
coupling the bone conduction receiver to 
the mastoid bone. A similar situation is 
encountered in the case of throat micro- 
phones, where the larynx is coupled to 


the throat microphone through an inter- © 


posed layer of skin. The properties of the 
layer of skin vary over a very wide range, 
making it difficult todetermine what is the 
average impedance looking into the hu- 
man head or throat. There is also a con- 
troversy as to whether one should meas- 
ure the pressure or the velocity trans- 
mitted through the layer of skin. 

An artificial throat suitable for testing 
throat microphones must have a vibrat- 
ing platform capable of imparting a ve- 
locity to a throat microphone through a 
filter simulating the layer of skin. The 
platform must be large enough to make 
the microphone response independent of 
small changes in orientation or locating 
of the microphone on its surface. The 
velocity of this platform should have some 
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simple law of distribution over the de- 
sired frequency spectrum (preferably a 
uniform distribution) of approximately 
50 to 10,000 cycles. At the same time, 
the platform must have a sufficiently high 
mechanical impedance in order for its mo- 
tion not to be affected by the high im- 
pedance of the tested throat microphone 
atits points of resonance. In the selection 
of a proper system, consideration was 
given to a design of platform which would 
be controlled by one of the three possible 
parameters, namely: resistance, stiffness, 
or mass. Resistance control has the ad- 
vantage of uniform velocity distribution 
over the frequency range, but it was very 
difficult to find a physical embodiment of 


a stable mechanical resistance. Stiffness 


control is difficult to realize, since in a 
physical stiffness element there must be 
some mass present. 


A mass controlled platform on the other 
hand is relatively easy to construct. A 
platform having a mass of approximately 
4,000 grams can be driven with a rela- 
tively small expenditure of wattless 
power. For example, in order to impart 
an amplitude A of 10~’ centimeters at 
10,000 cycles (which amplitude is far in 
excess of the amplitude of vibration ac- 
tually encountered) to a mass M of 4,000 
grams, a wattless power of w3 MA? X1077 
or 0.001 watt, is required. 

In an early model of the artificial 
throat, one end surface of a brass cylinder, 
approximately 31/, inches in diameter and 
31/. inches in length, was used as the driv- 
ing platform. The opposite end of the 
cylinder was designed to support a driving 
“voice” coil. This voice coil moves in 
the field provided by the cylindrical air 
gap of a 50 watt loud-speaker structure 
(Jensen, PM type) (5 in Figure 1), 

In order to insure mass-controlled 
operation, the cylinder is supported and 
guided by a system of extremely flexible 
springs, resulting in a natural resonant 
frequency for the mass and stiffness com- 
bination of approximately I cycle per 
second, The power which has to be sup- 
plied to the driving coil can be estimated 
approximately as follows. 
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tions at which the mass is driven. 
motional impedance Zg is the part of the 
total impedance which is responsible for 

the energy transfer from the coil into the 
mass of the cylinder. We can, there- 


fore, state that the efficiency of the driv- 
ing system is approximately proportional _ 


Za 


Ck eeu 
CHET. 
case negligible in comparison with Z,, 


the efficiency is equal to 


approximately equal to 0.025 ohm for 
actual values of N = 250, D = 2'/2 
inches, and H = 15,000. Thus, with Z, 
equal to approximately 250 ohms at 


10,000 cycles, we have an energy transfer 


efficiency at 10,000 cycles equal to 10~*. 
Therefore in order to impart to this mass 
an amplitude of 10-7 centimeters at 
10,000 cycles, the necessary power input 
to the coil is 10 watts. The actual ampli- 
fier used to drive the artificial throat with 
a power output capacity of 50 watts was 
found sufficient to satisfy all requirements 
encountered in development work and 
testing. 

Figure 1 shows the cross section of the 
artificial throat described above. The 
cylinder (1) is supported by four springs 
(2 and 8), illustrated in Figure 2. These 
springs serve to guide the cylinder in the 
axial direction. They are extremely 
flexible in a direction perpendicular to 
their plane, while they are very rigid in a 
radial direction. Two such springs, dis- 
placed angularly by 90 degrees to each 
other, are used near each end of the 
cylinder. These springs were punched 
out of thin phosphor bronze sheet, in 
order to keep the resonant frequencies of 
their free spring portion S, connecting 
the inner and outer rings of the springs, 
considerably below 50 cycles. This is im- 
portant in order to prevent these springs 
from reacting upon the motion of the 
cylinder in the useful frequency range. 
The weight of the cylinder is supported 
by four very compliant helical springs 
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(6), which are permitted to be sufficiently 
extended to support the weight of the 
cylinder. The position of the helical 
springs can be adjusted by means of levers 
mounted in the cylinder (7), thus pro- 
viding for proper centering of the voice 
coil (4) in the air gap. The throat micro- 
phone under test is shielded both mag- 
netically and electrically by the series of 
disks shown in Figure 1. 

The system of compliant springs main- 
tains the mass of the cylinder effectively 
floating in air and does not affect its pure 
mass impedance character. This behav- 
ior of the cylinder is, however, disturbed 
at the frequency at which the cylinder 
ceases to be a rigid mass and becomes a 
half wave length transmission line with 
distributed parameters. This change 
occurs for a brass cylinder of the dimen- 
sions used at a frequency of approxi- 
mately 17,500 cycles. Therefore, at fre- 
quencies whose second and third har- 
monics are equal to 17,500 cycles, marked 
resonance effects were observed. This 
resonance was shifted to a higher fre- 
quency by substituting stainless steel for 
brass, since the velocity of sound in stain- 
less steel is considerably higher than in 
brass. By using stainless steel cylinders 
of a shape slightly different from the one 
shown in Figure 1, it was possible to move 
this half wave resonant frequency up to 
In this way, the first 
resonant effect obtained was in the neigh- 
borhood of 9,000 cycles. 

In order to obtain a uniform velocity of 
the platform in the frequency range re- 
quired, it is necessary to energize the driv- 
ing coil with a current increasing linearly 
with frequency. This was accomplished 
by providing the input of the linear 50- 
watt amplifier with a simple dividing net- 
work, consisting of condensers and resis- 
tors. Figure 3 shows the velocity distribu- 
tion of an artificial throat containing the 
brass cylinder. Two peaks, one at 5,800 
and one at 8,700 cycles are seen in this 
figure. They are due to a very small 
amount of second and third harmonics 
present in the output of the driving ampli- 
fier. The peaks are sharp on account of 
the very high Q of the brass cylinder. In 
the final design, using a stainless steel 
cylinder, the velocity distribution turned 
out to be uniform within +2 decibels in 
the range from 50 to 10,000 cycles. 

The velocity calibration was obtained 
by means of the experimental setup shown 
in Figure 4. It consists of a second voice 
coil attached to the moving platform of 
the artificial throat under test. This coil 
moves inside a stationary magnetic field 
provided by a permanent magnet loud 
speaker field structure m, The magnet is 
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suspended from a substantially vibration- 
proof mounting shown in the figure. This 
mounting consists of two heavy cylinders 
connected to each other by means of three 
very flexible springs and a large oil dash 
pot to provide damping. The upper of 
the two cylinders is suspended from the 
ceiling by means of a set of three chains 


Figure 2. Support 
springs of artificial 
throat (2 and 3 in Fig- 
ure 1) 
S—Free spring portion 


Figure 3. Frequency 
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Cross-sectional view of artificial 
throat 


Figure 1. 


1—Driving mass 

2 and 3—Guide springs 

4—Driving coil (voice coil) 

5—Permanent magnet loudspeaker structure 
6—Supporting springs 

7—Supporting structure for driving mass 


response curves for 40 bases 
50-watt artificial \ 
throat with solid 
brass driving mass 
Upper curve is typi- . 
cal frequency fe- 15 
sponse of artificial 
throat. Lower curve 
is 15 decibels lower 
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than upper for loca- Si 
tion of frequency of 
upper peak 
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Figure 4. Arrtifigial throat set up for opera- 

tion. The system of masses, springs, and dash- 

pot serve to keep magnet m stationary for 
calibration of the equipment 


and springs. The artificial throat, as 
seen in Figure 4, rests on a heavy table. 
Centering of the calibrating coil in the 
field of a small suspended magnet is ac- 
complished as seen in the picture by 
means of an ordinary machine shop cross- 
feed device. Employing this set-up, it 
was possible to measure the velocity of 
the platform with good accuracy and 
freedom from external influence. 

The block diagram of an experimental 
set-up for automatic recording of fre- 
quency responses of throat microphones 
is shown in Figure 5.2. A beat frequency 
oscillator, driven by the motor of the 
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Figure 5. 


MECHANICAL DRIVE COUPLING 
OSCILLATOR AND RECORDER 


POWER AMPLIFIER 


MICROPHONE TO BE TESTED 
HIGH-GAIN AMPLIFIER 


FILTER PAD 


ARTIFICIAL THROAT 


Experimental setup for automatically recording frequency response of throat 


microphone driven by artificial throat 


NETWORK 


RECORDER 


Figure 6. 


OSCILLATOR— 20 TO 10,000 CYCLES 


MECHANICAL DRIVE COUPLING 
OSCILLATOR AND RECORDER 


BONE RECEIVER TO BE TESTED 


HIGH-GAIN AMPLIFIER 


ARTIFICIAL MASTOID 


Experimental setup for automatically recording frequency response of bone 


receiver driving an artificial mastoid 


recorder, supplies a voltage to the attenu- 
ating network mentioned above, which in 
turn excites a power amplifier with a volt- 
age increasing linearly with frequency. 
The output of the power amplifier is fed 
to the artificial throat which drives a 
throat microphone (fastened to its plat- 
form by means of a compliant elastic 
band) through an interposed filter pad. The 
output of the throat microphone is then 
fed through a linear high gain amplifier to 
the recorder. The position of the micro- 
phone on the platform is not critical and 
identicalresponse curvesare obtained when 
the microphone is shifted on the platform. 
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The choice of a proper filter pad is the 
most difficult part of the problem. A 
filter pad should simulate the impedance 
looking into the human throat through 
the skin (or, in case of bone receivers, into 
the human head). This impedance has 
mainly stiffness and loss components. It 
was found possible to simulate either of 
the components by means of properly 
chosen pads. However, to date, serious 
difficulties have been encountered in con- 
structing a pad that would give faithful 
reproduction of both parameters and 
thereby obtaining curves which are a true 
picture of the sensations received by the 
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Synopsis: This paper deals with the 
theory and design of magnetic inertia throat 
microphones. Especial attention is given 
to the treatment of sound power and high 
articulation throat microphones. The 
sound power microphones described contain 
a double frequency, undamped vibrating 
system, while the high articulation micro- 
phones have damping introduced, which re- 
duces the low frequency peak with resultant 
increase in articulation. Wide range fre- 
quency response is obtained from the neigh- 
borhood of 100 cycles, extending up to 3,000, 
4,000, or 5,000 cycles, as may be desired. 
These microphones have a band pass filter 
character with a sharp high frequency cut- 
off. This cutoff is desirable in order to cut 
out high frequency noises. 


T IS frequently necessary to send mes- 

sages from noisy surroundings, such as 
machine shops, airplanes, and battlefields. 
For example, although the noise levels 
found in industrial plants or aircraft are 
often of the order of 100 or more decibels, 
communication must be maintained at all 
times. This creates the need for a dis- 
criminating microphone, that is, a micro- 
phone which will attenuate substantially 
the undesired sounds to favor the particu- 
lar desired message. The throat micro- 
phone is such a discriminating micro- 
phone, as it is highly sensitive to vibra- 
tions transmitted to it by bodily contact 
with the sound-producing throat while it 
is quite insensitive to sound waves trans- 
mitted by air. 


Inertia Throat Microphones 
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A throat microphone also has the ad- 
vantage that it produces less discomfort 
than any other style, is less subject to 
shifting out of position or getting knocked 
off because of movements of its wearer. 
Another advantage is that it permits 
normal conversation to be carried on 
unrestricted to a degree not approached 
by any other form of microphone. 


Throat microphones can be built, on 
different principles, according to the 
method used for the conversion of acous- 
tic into electric energy, such as carbon 
chambers, crystal microphones, and elec- 
tromagnetic systems. Of these three 
kinds of elements, as will be shown, the 
electromagnetic system is especially well 
suited to provide a high articulation 
throat microphone. 

Throat microphones reproduce speech 
by picking up the vibrations of the larynx 
rather than the sound waves generated in 
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the air by the speaker. High frequency 
vibrations picked up from the larynx are 
subject to considerably greater attenua- 
tion than low frequency vibrations, since — 
these high speech frequencies generally are 
produced in the forward portion of the 
mouth and have to pass over a long path 
of soft flesh to reach the larynx. In addi- 
tion, the larynx is covered with a sheath 
of compliant skin, which attenuates the 
higher frequencies still further. The 
throat microphone therefore should be 
designed to differentiate strongly in favor 
of the higher frequencies of the vibrations 
of the larynx. : 


Because throat microphones operate 
while pressed against the throat or other 
portion of the human body, it is neces- 
sary to enclose the working mechanism 
entirely within a rigid housing in order to 
prevent external forces from affecting the 
air gap. For the same reason, it also be- 
comes desirable to use the inertia prin- 
ciple in the design of such microphones. * 


In short, an electromagnetic throat 
microphone should favor the higher speech 
frequencies and be enclosed in a rigid 
housing, which latter calls for the use of 
the inertia principle. 


The inertia unit consists of an electro- 
magnet L; supported by a spring C, as 
represented in Figure 1. The electromag- 
net LZ; consists of two small Alnico mag- 
nets, a central core with a coil wound 
around it, and a yoke and pole plate. C; 
is an S-shaped spring, supporting the 
electromagnet and forming the working 
air gap between its central portion and 
pole surfaces. This electromagnet struc- 


* E. H. Greibach, United States patents 2,255,249 
and 2,255,250. 


head in the case of bone conduction, or a 
true output of the human throat as it 
affects a throat microphone. While per- 
forated rubber pads were found suitable 
to simulate the stiffness component of the 
skin and while pads of damping material, 
like “Viscoloid,”’ have given a fair ap- 
proach to the loss component of the skin, 
it was difficult to find a pad or combina- 
tion of pads to simulate both stiffness and 
resistance together and in proper propor- 
tion. 

It is readily seen that the artificial 
throat described above can also be used 
as an artificial mastoid. In the case of the 
artificial mastoid, the floating cylinder is 
driven by a bone conduction receiver 
through a filter pad simulating the skin 
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over the mastoid bone, and the output 
of the coil mounted on the lower portion 
of the cylinder (driving coil for the throat) 
is then amplified and fed into a recorder. 
When it is desired to obtain response 
curves representing the force transmitted 
through the filter pad into the floating 
cylinder, it is necessary to use a dividing 
network (similar to the network used with 
the artificial throat) in the output of the 
linear high gain amplifier. This network 
will then deliver a voltage increasing 
linearly with frequency for a constant 
input voltage. On the other hand, re- 
sponse curves, representing the velocity 
transmitted through the filter pad, are ob- 
tained by using the linear high gain ampli- 
fier without an additional dividing net- 
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work. Figure 6 shows how the equip- 
ment pictured in Figure 5 is rearranged to 
take frequency response characteristics of 
inertia bone receivers. 


The above described equipment, in 
spite of some limitations, has proved to 
be a useful and powerful laboratory tool. 
The setups shown in Figures 5 and 6 per- 
mit the rapid taking of consistently 
reproducible response curves. 
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Figure 1. Construction of inertia unit 


L,—electromagnet structure 
C.—spring 
Ls—housing 
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Figure 2. Equivalent electric circuit for struc- 
ture shown in Figure 1 


ture is surrounded by a housing, indicated 
schematically in Figure 1 as Ls. The 
equivalent electric circuit is represented 
in Figure 2, where the same symbols are 
used as in Figure 1 to designate the respec- 
tive equivalent components. 

The voltage produced across the mag- 
net coil is proportional to the air gap 
velocity. It can be shown that the veloc- 
ity J, of the air gap bears the following 
relationship to the velocity, J, imparted to 
the housing L; by external forces: 


_(f/fo)? _ 
1=(/f.)? 


where f, is the resonant frequency of the 
vibrating system formed by the spring C; 
and electromagnet L,, while f is the fre- 
quency of the force applied to the housing. 
‘For frequencies below resonance where 
f/f, is small, the formula then can be 
written: 


=Ix (f/fo)? (2) 


Equation 2 shows the air gap velocity to 
be proportional to the square of the ap- 
plied frequency at frequencies below res- 
onance. Therefore, magnetic or dynamic 
microphones will have a frequency dis- 
crimination of 12 decibels per octave in 
this range. In contrast, crystal or carbon 
microphones, in which voltage is propor- 
tional to the displacement, will have a 
frequency discrimination of only 6 decibels 
per octave. This result illustrates the 
advantage of the inertia magnetic throat 
microphone over the other types on ac- 
count of its greater ability to discriminate 
against low frequencies. 

It thus is seen that the rapidly rising 
response characteristic of the magnetic 
inertia throat microphone, below the 


ee 
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(1) 


inertia unit 


L,—electromagnet structure 
L.—coupler 
Ls—housing 
G:-—spring of single resonant unit 
C.—spring for second resonance 


’ 


resonant frequency, effectively compen- 
sates for the frequency distortion gener- 
ated in the throat. In order to obtain 
satisfactory intelligibility, it is desirable 
to set the resonant frequency of the micro- 
phone at a relatively high value, in the 
neighborhood of 3,000 to 4,000 cycles. 
On the other hand, though such high fre- 
quency inertia throat microphones give 
a very good intelligibility when used with 
standard flat-response amplifiers, their 
output is low. The output can be in- 
creased substantially by lowering the 
resonant frequency to about 1,000 cycles, 
but this is accomplished at the expense of 
intelligibility. 

Despite this difficulty, there are many 
applications which require that the two 
conflicting requirements of high sensitivity 
and high intelligibility be satisfied simul- 
taneously, for example, in the case of 
sound powered communication systems. 
Through the addition of a second resonant 
frequency to a low frequency microphone 
system (approximately 1,000 cycles) a 
substantial extension of the sensitivity 
of the throat microphone can be obtained 
without loss of intelligibility. This sec- 
ond frequency is obtained by incorporat- 
ing in its mechanical system a second mass 
and compliance system, having its reso- 
nant frequency somewhere inthe range be- 
tween 2,500 and 4,000 cycles. Such 
double resonant microphones have then 
a substantial output over the entire range 
from 1,000 to 3,000 or 4,000 cycles. 

Figure 3 shows a schematic layout of a 


Figure 4. Exploded 

view of parts com- 

prising a double 
resonant unit 
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duplication of spring properties in pr 
duction. Figure 5 represents the 
lent electric circuit and uses the: 
symbols as in Figures 3 and 4 to des 
the respective equivalent components. 
The electromagnet L; is connected to the a] 
housing ZL; through a mechanical 1 
mission system, consisting of the springs 
C, and Cs, and the interposed mass Ln 
This transmission system transmits the — 
imparted velocity to the air gap formed 
between Z; and C, with an efficiency — 
which increases with frequency, thus per- 
mitting emphasis on the high frequencies 
at the expense of the low. 

Of the two resonant frequencies incor- 
porated in this system, one is represented 
approximately by the system consisting of 
the mass J, andthe spring CG. The 
second resonance, that of the system con- 
sisting of the two springs C; and C; and 
the mass Is, is considerably higher than 
the first one. At frequencies above the 
second resonance most of the velocity 
imparted into the housing is absorbed by 
the spring C;, and only a small fractionof — 
it can be transmitted to the air gap. This 
results in a relatively sharp cutoff at 
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Figure 5. Equivalent electric circuit for struc- 
ture shown in Figures 3 and 4 
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higher frequencies and a band pass char- 
acter for this type of throat microphone, 
The sharp cutting off of frequencies out- 
side the range required for intelligibility 
is desirable, as it prevents transmission of 
high frequency noises and static and thus 
contributes to the improvement of intel- 
ligibility. 

The values of the two resonant fre- 
quencies are obtained by solving the char- 
acteristic determinant of the equivalent 
circuit of Figure 5. Equation 3 is the 
solution for the two resonant frequencies 
with w=2rf. 
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By expanding the square root expres- 
sion and retaining the first two terms only, 
the following simplified approximate 
equations are obtained: 


Le ee ¥ 
DDE Sab tary 
=2(242)+3 45 (5) 
ae el ol A he 
where 
1 
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wy Te (29? — w19”) 


The foregoing expansion is valid only 
when the difference w2o?—w 4? is large, so 
that the correction term 6 is small com- 
pared with both wo? and wea”. wip and wey 
correspond roughly to the two resonance 
frequencies of the system. 

For experimental purposes, as well as 
for different applications, it is desirable 
to build models having different spreads 
between the two resonant frequencies. 
This can be accomplished by changing 
some or all of the parameters in equations 
4 and 5. On the other hand, the values 
of certain components remain more or 
less fixed on account of limitations in 
size, as well as the need to obtain optimum 
efficiency within a given volume. Among 
the fixed values are LZ; and (,, which 
form the electromagnetic system, as well 
as the value of Lz, which is the mass of 
the housing. 

Equations 4 and 5 demonstrate that, 
even if the values Z;, C,, and L; are kept 
fixed, it is still possible to obtain wide 
variations in the value of the frequency fe 
by simply changing LZ, and C;, It is 
further seen by inspecting equation 3 that 
the frequencies f; and f, are functions of 
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Figure 6. Curves showing relation of fre- 
quencies f, and f, as functions of the ratio 
S2+5S, plotted for various values of L.+L; 


Curves computed for L3;+1,;=0.50 


the two ratios: LI,+L,; and Ci+(C.. 

It is therefore possible to plot families 
of curves for the two frequencies as func- 
tions, for example, of the ratio C,/C2, the 
different curves corresponding to different 
values of Lo/Z;. Such curves, as calcu- 
lated from equation 3, are shown in Fig- 
ure 6. In this figure the values for f, 
form the lower family of curves, which fall 
closely together, as is to be expected from 
equation 4, where L; and C; remain fixed, 
On the other hand the values for f, show 
a wide spread, since as shown in equation 
5 both C, and Lz are variables. The curves 
in Figure 6 therefore can be used to con- 
struct throat microphones with different 
properties. The curves were computed 
for: I3+l= 0.50. 

It is desirable sometimes to build elec- 
tromagnetic transducers having an ex- 
tremely narrow band of response. For 
example, in bridge circuits the null posi- 
tion must be determined very sharply 
for the frequency of the power source to 
which such a bridge is connected and for 
the elimination of the disturbing effect of 
harmonics present in the source due to 
unavoidable distortion. In this case it is 
important to have a detector which will 
be sensitive only to the frequency of the 
fundamental component of the current 
wave. Here equations 4 and 5 become in- 
valid, as the difference w2?—j7 be- 
comes very small, hence 6 very large. 
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Figure 7. Comparative response curves for 
single and double resonant units 


------ Single resonance unit 

Double resonance unit 

— —— Effect of damping on double resonant 
unit (high articulation) 


A—Hisgh articulation unit 


The complete equation 3 consequently 
must be used. For example, by using the 
values [yo+LZ;=1 and C;+C,=1, re- 
sponse in the narrow band from approxi- 
mately 800 to 1,250 cycles is obtained 
(Figure 6). Such a unit, when used as a 
detector (receiver), will permit very sharp 
balancing of a 1,000-cycle bridge. 

Throat microphones built with com- 
ponents as illustrated in Figure 4 and 
having response in the band between 1,000 
and 4,000 cycles have given high intelligi- 
bility scores when used as a sound powered 
microphone in conjunction with sound 
powered receivers. 

In Figure 7 comparative response 
curves of single and double resonant units 
are shown. The light curve represents 
the response of a single resonant unit, 
and the heavy curve represents that of a 
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: Peheeton ot 
_moving with s .bstantially constant veloc- 


ieee curves. a a platform 


quency range from 50 to 
10, 000 | cycles. A compliant pad, simulat- 
ing the skin layer: over the larynx, wasinter- 
posed between the platform and the throat — 
microphone under test. The effect of the 


interposed pad is to introduce an attenua- 
- tion increasing with frequency and also 


an additional peak. The extra peak in 
each case is due to the compliance of the 
interposed pad coupling the housing to the 
platform. 
The heavy curve in Figure 7 has an 


appreciable peak on the low frequency end 
at about 800 cycles. 


It is desirable for 
many applications, especially when throat 
microphones are used with flat response 


Figure 8. Equivalent electric circuit for 
damped double resonant unit 
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better than that of undamped throat 
microphones when used in conjunction 
with amplifying systems. The suppres- 
sion of this low peak for sound power ap- 
plication is not important, since sound 
powered receivers can be built to have a 
somewhat attenuated response in the 
range corresponding to the low frequency 
peak of the throat microphone. The loss 
of sensitivity caused by the introduction 
of damping is not serious, as these micro- 
phones are used with amplifying systems. 
Damping can be obtained by using dif- 
ferent damping materials introduced into 
the mechanical system, in the manner 
indicated in Figure 3. Best results were 


_ obtained by using a damping cup con- 


amplifying systems, to reduce or elimi- 
nate this peak in order to improve still 
further the intelligibility of such com- 
munication systems. This is done by 
introducing a damping member between 
the electromagnet ZL, and the housing Lz, 
as indicated schematically by the dotted 
lines in Figure 3. The equivalent electric 
circuit is shown in Figure 8. Placing the 
resistor R in the position shown in Fig- 
ure 8 permits a very effective damping of 
the low frequency peak without affecting 
essentially the performance of such throat 
microphones in the neighborhood of the 
high frequency resonance. This is true 
since the damping resistance R effectively 
can suppress oscillations set up in the 
mesh, consisting of L,, C,, and R. On the 
other hand, high frequency oscillations set 
up in the mesh LZ», C;, and C; are affected 
only a little by the energy absorbing re- 
sistance R, since any transfer of energy 
from this mesh must take place through 
the high impedance path L,; in order to 
reach RK. The dotted line in Figure 7 
represents the response of a damped 
double resonance throat microphone. 
The articulation of these microphones is 
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taining oil. Oil damping cups have the 
advantage of containing little stiffness as 
compared with the amount of resistance 


they eats rO 
damping reduces to some pee 
cutoff characteristic of the u 
unit. The average output iat A SC 
power throat nuaceegh ew oa 00 
ohm internal impedance is approx 
15 millivolts, whereas the cae of a 
similar high articulation throat micro- 
phone is on the average of 2 millivolts. — . 
It is obvious that other parts of the — 
head, such as cheeks, jaw, temple, vi- — 
brate under the influence of sounds pro- | 
duced in the mouth cavity and can be 
used to actuate such contact microphores. 
Especially good results are obtained when 
placing the throat microphone on the lips. 
Figure 9 is a photograph of a typical 
throat microphone. This instrument con- 7 
sists of two units, disposed symmetrically q 
on both sides of the throat. They are 
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alculations on Polyphase 


4 Reluctance Motors (Synchronous 
Motors Without Field Excitation) 


P. H. TRICKEY 


MEMBER AIEE 


N 1926, Messrs. Doherty and Nickle 

presented their classic paper on ‘‘Syn- 
chronous Machines” giving a complete 
and thorough analysis. Since many 
fractional horsepower engineers have 
occasion to design small reluctance 
motors (synchronous motors without 
field excitation) and these engineers in 
general have no need of becoming thor- 
oughly familiar with the great and ex- 
tensive field of synchronous motor the- 
ory, it has seemed advisable to simplify 
the equations from this famous paper by 
eliminating the terms having to do with 


_ field current and to arrange them in the 


form of a simple calculation sheet. It 
also has been found possible by the use of 
calculated curves to arrange a simple 
method of calculating the synchronous 
pull-out torque. 

As in the case of induction motors, it is 
customary also in synchronous motor 
engineering to divide the work of de- 
signing a unit into three parts, first, 
choosing trial dimensions and windings, 
second, calculating the motor ‘‘constants”’ 
such as resistances, reactances, and iron 
loss and third, calculating the perform- 
ance of the trial design. If the perform- 
ance is not satisfactory further trial de- 
signs are made and the same procedure 
followed. 

In the case of the first step, the expe- 


rienced designer can often make the first 
trial very close to the correct design 
either from his experience or from mak- 
ing ratios from similar designs. 
designer is inexperienced or if the re- 
quired design is radically different from 
any previous machine, sometimes a num- 
ber of trials may be necessary. 

Many papers have been written on the 
second step, the calculation of motor con- 


I 
Vector 


diagram of reluctance 


motor 


Figure 1. 


held on the throat by means of an elastic 
band, which is adjustable to control the 
pressure on the throat. As seen in the 
illustration, the instrument is provided 
with a standard cord and plug. 

Figure 10 is a schematic diagram of the 
setup used in testing throat microphones. 
It consists of an oscillator mechanically 
coupled to a sound level recorder. The 
oscillator feeds a signal with continuously 
variable frequency through a network into 
a linear power amplifier. The power am- 
plifier in turn drives an artificial throat 
whose platform vibrates with an essen- 
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tially constant velocity in the frequency 
range of 50 cycles to 10,000 cycles. The 
throat microphone is placed on the vibrat- 
ing platform with a filter pad interposed 
between the microphone and the platform. 
The purpose of the filter pad is to simu- 
late as far as possible the layer of skin 
covering the larynx of an average speaker. 
The output of the throat microphone is 
amplified by a high gain amplifier and fed 
into the sound level recorder. Thus an 
automatic record is obtained of the varia- 
tion of the output as a function of the 
frequency applied to the microphone. 
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stants. Reference to some of these 
papers is given in the bibliography. It is 
not the purpose of this paper to discuss 
step one and two, but step three, the 
calculation of performance from calcu- 
lated or tested constants. 

In the usual calculations of induction 
motors, the calculation forms are ar- 
ranged so that performance is a function 
of slip, and trials of slip are’made until 


the desired output is obtained. In this 


case, also, a trial and error method is 
used. This time the displacement angle 
is the variable and trials are made until 
proper output is obtained. On large ma- 
chines, it is fairly easy to check the torque 
angle by test. With small motors be- 
low one horsepower it often is difficult to 
obtain the zero angle positon as a refer- 
ence point. This is not greatly disad- 
vantageous, however, as the performance 
versus output torque is much more im- 
portant, and calculated displacement 
angles are usually sufficient. 


Performance Equations 


Rearranging Figure 20, page 925 of the 
reference paper,! to omit field excitation, 
we atrive at the diagram shown in Figure 
1 and the equation below. 


E =1gX atl yn +j(gX q— Lars) 
Solving for Jg and Jy, 


E 1 


v8 =o aa Se Ek 
H Xa AGN) capa 


( ord s) 
cos 6 Sift 
‘OF Ged 
che E il 4 

1 Xalt(n/X—(n/Xa) 


( Ma csneepee s) 
ee LLL — cos 
X,/Xa 0. 


Line current 
T=VIe+ld 
Power input 


P=ph E (I, cos 6—Jqsin 6) 


Output 

Output =input — (Iron loss+friction + 
windage-+ ph I?) 

Torque 


5 pA 
T =-— output (in ounce fect) 
Syn 
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Synchronous Pull-Out Torque 


The maximum torque that the motor 
will develop while in synchronism, known 
as “‘pull-out” torque, may be obtained as 
follows: 


T =(112.7/Syn) output = (112.7/Syn) 
(input — losses) 

T=(112.7/Syn) [(input —copper loss) — 
(Fe+ F+W)] 

T=(112.7/Syn) [Pi— (Fe+ F+W)] 


Since iron loss, friction, and windage 
are essentially constant at synchronous 
speed, the maximum synchronous torque 
will occur when P, is at its maximum 
value. By substituting the current 
values given above in the equations for 
input and copper loss, it can be shown 
that ; 


ve h st ed ET Led cae A 
PY Xa Xp n/ Xa) 
Where A is a rather cumbersome group 
of terms containing 7, Xg, Xq, and 6. 
Values of A maximum have been cal- 
culated and plotted in Figure 2, so that we 
find it fairly easy to calculate the syn- 
chronous pull-out torque. 


112.7 


Syn 
(ounce-feet) 


[ph EM, Am—(Fe+F+W)] 


Po= 


E 1 
ALVES CNT A 

It can easily be seen from Figure 2 how 
important it is to keep 1/X, and /Xq 
as small as possible. 

Figure 3 shows a form which has been 
atranged to make these calculations as 
simple as possible. The displacement 
angle 6 is assumed and the performance 
values calculated. Items 23 to 27 are 
only in calculating the pull-out torque. 

Since reluctance motors are usually less 
than one horsepower, Figure 3 has been 
arranged in terms of actual values of 
volts, amperes, and ohms, instead of “‘per 
unit’”’ values which are seldom used by 
fractional horsepower motor engineers. 


List of Symbols 


E=volts per phase 

F+W =friction plus windage 

Fe =iron loss 

J=current per phase 
Iqg=current in direct axis 
I,=current in quadrature axis 
ph=number of phases 
P=power input in watts 

7, =primary resistance per phase 
Syn =synchronous rpm 

T =torque in ounce-feet 

T p;=syuchronous pull-in torque 
T po=synchronous pull-out torque 
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Figure 2. Constant A,, used in calculating 
pull-out torque 


X4q=total direct axis reactance per phase 

X,=total quadrature axis reactance per 
phase 

5=displacement angle in electrical degrees 


Appendix |. Performance 
Equations 
Rearranging Figure 20, page 925 of the 


reference paper! to omit field excitation, we 
arrive at the diagram shown in Figure 1. 


E=TX tithe 
Ecos 6=IgXqg+Igr and E sin 6=1I,X.—I gn 
Solving for Ig 


EX, cos 6=IgX gXq+IgX gr and 
En sin 6= —Igr?+I,X gh 
E(X_cos 6-7 sin 6) =Iqg(X.Xat+n?) 
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Ig=E ——— (X,cos 6—7 sin 6) = 
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Figure 3. Calculation sheet for reluctance 
motors 


Power input P=ph EI, cos 5— ph Elqsin 6 
P=ph E (I, cos 6—J sin 8) 

Total losses L= Fe+ F+W+ph Pn 

Output = input —losses 

Torque = (112.7/Syn) output (in ounce-feet) 

Efficiency = Output/input 

Power factor =Input/phk EI 


Appendix Il. Pull-Out Torque 


or Maximum Synchronous Torque 


T=(112.7/Syn) output =(112.7/Syn) 
(input — losses) 

T = (112.7/Syn) [(input —copper loss) — 
(Fe+ F+ W)] 

T= (112.7/Syn) [Pi— (Fe+ F+W)] 

Since the iron loss, friction, and windage 
are essentially constant at synchronous 
speed, the maximum synchronous torque 


will occur when P, is at its maximum value. 
Power input in terms of 6 power input 


P=ph E (I, cos —I sin 8) 
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Maximum or pull-out torque will occur 
when Pi ismaximum. P,,,, will occurwhen 
A is maximum. Thus 
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Let 
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The maximum value of A against 6 as 
the variable has been plotted in Figure 2 
for different values of X,/Xq and n/Xa. 
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Governor for Variable-Ratio Transmission 
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Used in Developmental 400-Cycle 
Electric System for Large Aircraft 


Poryprochag 
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Synopsis: A prerequisite for the successful 
parallel operation of main engine driven a-c 
generators is a suitable infinitely variable- 
ratio transmission and high speed governor 
to control it. This paper describes the de- 
velopment of such a governor and its suc- 
cessful operation on a developmental two- 
generator 400-cycle a-c system. 


HE TREND of certain types of mili- 

tary and civil aircraft toward larger 
airplanes requiring large amounts of elec- 
tric power, demanded equally revolu- 
tionary thinking in the field of aircraft 
electrical engineering. Much thought 
and discussion!.? in recent years has been 
given to an a-c system which would have 
the generators driven by the main engines 
and operating in parallel, which with 
proper controls makes possible improved 
continuity of service.* Flight conditions 
may demand more than a 3 to 1 speed 
range of the main engines, and all engines 
would not necessarily operate at the same 
speed throughout one flight. With such 
conditions it is essential that some form of 
variable ratio transmission be coupled 
between each prime mover and generator, 
so that a parallel system at substantially 
constant frequency is practical. Varia- 
tion in the ratio of each transmission 
would have to be automatic, to maintain 
each generator speed within the range 
required in spite of high acceleration and 
wide speed differences of the prime 
movers. An electric governor which 
maintained successful parallel operation 
of the generators and equality of load 
division under various conditions of ac- 
celeration and loading was developed. 
Design data and performance character- 
istics of this governor are presented in the 
following. 


Conclusions 


Approximately 200 hours of operating 
experience have been gained on the de- 
velopmental 400-cycle a-c two-generator 
system, and governor operation has been 
satisfactory throughout. Under both 
steady state and transient conditions the 
governor and its attendant load-frequency 
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droop circuit have performed their re- 
quired functions well. Although load 
division with values of no-load to full-load 


-linear droop of less than 5 per cent was 


generally satisfactory, the system per- 
formance was at times erratic. A linear 
frequency droop from. no-load to full- 
load of 5 per cent was found to be emi- 
nently satisfactory, and this value was 
adopted for all remaining tests on the two 
generator system. 

The speed of response of the governor 
was good. With the generators operating 
in parallel, and one prime mover ac- 


_celerated or decelerated, the governor re- 


sponded to begin to restore initial condi- 
tions before the end of the acceleration or 
deceleration period. 

In general, movement of the governor 
servomechanism began 0.008 second after 
inception by the control coil of the signal 
demanding governor response. On the 
equivalent of an unloaded system the ef- 
fective gear ratio of the variable-ratio 
transmission was changed from 2:1 to 
1.3:1 in 0.18 second and vice versa. 
Since the speed changes were brought 
about by a unit function change in signal 
voltage, the simulated acceleration ap- 
proached an infinite value. 

Tests on a four-generator system have 
not yet been made, but it is hoped to begin 
these, together with preliminary flight 
tests, in the near future. 

The weight of the governor pilot valve 
and solenoid assembly is approximately 8 
pounds; the weight of the junction box 
containing the control and droop circuits 
is approximately 5 pounds; in an air- 
craft installation the piston assembly is 
part of the variable-ratio transmission. 

The governor, together with the vari- 
able-ratio transmission which it controls, 
and attendant electric apparatus have 
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Governor Requirements Pe: 
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The governor design and performance _ 


requirements were set up to meet the _ 
conditions — 


thought possible on airplanes which re- 


most extreme operating 
quire a-c accessory power. Calculations 
based upon the application of rated engine 
torque to the propeller inertia of the en- 
gine-propeller combination indicated a 
possible acceleration at the engine drive 
pad of 2,150 rpm per second. Though in 


practice accelerations will probably be less 


than this, the governor was designed to 
maintain parallel operation with one en- 


gine accelerated at this rate while the 
speed of the others remained constant. 
Some of the essential features of the per- 
formance requirements are that the gover- 
nor be designed to operate from sea level 
to 40,000 feet with ambient temperature 
variations from —55 degrees centigrade 
to +60 degrees centigrade, under humid 
or dusty conditions with specified linear 
and torsional vibrations. More particu- 
larly, requirements affecting the opera- 
tional design of the governor are set out 
asin TableI. With these conditions aris- 
ing from the design of the variable ratio 
transmission, the governor was required 


Table |. 


Performance Requirements of 
Governor 


Governor 


Item Characteristic Requirement 


1. Input speed range to variable-. 
ratio transmission 

2. Output speed of generator....... 

3. Speed of governor tachometer. 
shaft for generator speed of 
6,000 rpm 

4, Maximum overdrive ratio of 
variable-ratio transmission 

5. Maximum underdrive ratio of. 
variable-ratio transmission 

6. Total stroke of governor tie rod. . 

7. Oil pressure available for gover-. 


. 2,100- 
9,000 rpm 

.6,000 rpm 

.3,000 rpm 


.. 2.85 


-0.67 


.1.25 inches 
-250 pounds 


nor per square 
inch 
8. Force on governor tierod........ See Figure 1 
9. Tie rod speed at maximum ac-. .3.5 inches 
celeration (2,150 rpm per sec- per second 


ond at engine). 
overdrive 

10. Tie rod speed at maximum ac-..0.5 inch per 
celeration (2,150 rpm per sec- second 
ond at engine). Maximum 
underdrive 

11, Maximum time for tie rod to. 
reach required velocity 


Maximum 


.0.03 second 
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to permit satisfactory parallel operation 
of the alternators under specified operat- 
ing conditions with possible engine 


To assist in obtaining successful parallel 
operation of the generators an electric 
circuit was required which would admit 
of a decrease in generator speed with 
increasing load. Thus over the expected 
engine speed range of 700 rpm to 
3,000 rpm, which with the step-up gear 
becomes 2,100 rpm to 9,000 rpm at the 
variable-ratio transmission, the governor 
was required to hold speed as follows: 


0.6 0.2 


. 0.4 0.2 0.4 
UNDERDRIVE 


OVERDRIVE 
-100 


Figure 1. Curve of force on tie rod of governor 
servomechanism 


Alternator Load, ; Tolerance, 
Kw Speed, Rpm Per Cent 
0 . 6,300 (105 per cent) .... +1 


30 (100 per cent). .6,000 (100 per cent) .... +1 
45 (150 per cent). .5,850 (97.5 per cent).... +1 
60 (200 per cent)..5,700 (95 percent) ....+1 


In accordance with general aircraft 
practice the governor and its control cir- 
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Figure 2. Cross sec- 

tion of governor 

servomechanism as 

finally adopted for 
test 


A—Solenoid 
B—Pilot valve 
C—Servomechanism 


D—Wobbler arm 
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Figure 3. Schematic diagram of governor and control circuits 
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accelerations of 2,150 rpm per second. 
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cuits were required to be of minimum 
weight and to occupy a minimum of 
space in meeting all requirements. 


Design Data for Solenoid and 
Pilot-Valve Assembly | 


The governor is essentially a constant — 


speed device. To provide suitable load 
division among the generators a character- 
istic is added to each governor which pro- 
duces a 5 per cent decrease in system fre- 
quency when the generators are delivering 
fullload. This droop circuit is independ- 
ent of the actual governing circuits and 
therefore need not be considered in the 
design of the solenoid and pilot-valve as- 
sembly. 

An isometric view of the governor as- 
sembly, as finally adopted for test, is 
shown in Figure 2 and a schematic dia- 
gram in Figure 3. Under steady state 
conditions the pilot valve is balanced in 
its mid-position against the force of a 
solenoid magnet by means of a biasing 
spring. A momentary change in current 
to the solenoid (because of a momentary 
change in output speed of the trans- 
mission) results in temporary wunbal- 
ance, and oil is allowed to flow to the 
servomechanism until the condition 
is corrected. This correction must be 
very rapid to provide reasonably good 
load division among generators dur- 
ing engine speed transients. The pilot 
valve therefore must move with small 
changes of current through the solenoid 
coil. By use of a magnet with a tapered 
air gap, force-deflection characteristics 
such as those shown in Figure 4A are ob- 
tained, the various curves being plotted 
for different numbers of ampere turns 
X, Y, and Z. However, since the char- 
acteristics of the biasing spring are linear 
(line R17"), the magnet is constrained to 
move linearly, resulting in an operating 
characteristic as represented by line RST, 
Figure4A. By extrapolating from the line 
RST, and the curves for different ampere 
turns, a curve such as LIN in Figure 4B 
is obtained. In the working range of the 
governor only small ampere-turn changes 
are necessary for satisfactory governor 
operation and therefore only the portion 
L1MN' of Figure 4B, need be considered: 
I1MN‘' is essentially a straight line. 

Since the magnet must be responsive to 
small changes in solenoid current, the re- 
quired pilot valve travel also must be 
small. In the governor under considera- 
tion the total travel of the pilot valve is 
0.1 inch, whereas under normal working 
conditions a movement of only +0.010 
inch is required for a tie-rod velocity 
great enough to ensure correct parallel 
performance. A solenoid force of 11/;-2 


TRANSACTIONS 195 


' Turns on control coil.......6...0---: 


‘ee me Pg ; Meo St 


pounds is sufficient to do this, while an 


oil pressure of 250 pounds per square inch 
on a piston area of approximately 1. 2: 


square inch is ample for movement of 


the servomechanism. 


Other characteristics of the governor 


are as follows: 


Control coil current......... ,.0.4 ampere 


Resistance of control coil.......... 
Diameter of pilot valve...........3/8 inch 


Figure 5 shows a view of the completed 
governor assembly. The accumulator 


shown mounted on top was found from 


test to be unnecessary and was not used 


thereafter. 


Control Circuit 


_A schematic electrical diagram of the 
governor control circuit used for test is 
shown in Figure 3. The output voltage of 
a small 3-phase a-c tachometer with a 
permanent magnet field driven at a speed 
proportional to the output speed of the 
variable-ratio transmission is rectified by 
means of the 3-phase full-wave rectifier, 
S, shown. The output terminals of the 
rectifier are connected through a variable 
resistance to the governor control coil. 
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B. Deflection versus ampere turns 


Figure 4. Curves of governor solenoid design 
characteristics 
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Figure 5. Oblique rear view of an oreer 
‘mental electric governor 


This control coil operates on a solenoid 
coupled mechanically to a three-land valve 
and biasing spring shown also in Figure 2. 
Under steady state conditions the force of 
the solenoid is balanced by the spring, 
and the valve floats in its neutral position. 
Any change in output speed of the vari- 
able-ratio transmission, either because of 
load variation or input speed changes, 
results in a momentary increase or de- 
crease in current to the control coil. Bal- 
ance of the pilot-valve assembly thus is 
lost temporarily, and oil is allowed to 
flow to and from the servomechanism con- 
trolling the transmission. The force on 
the servo pistons is such that the effec- 
tive gear ratio of the drive is changed to 
restore original speed conditions. As soon 
as these are obtained, the pilot valve is 
returned to its neutral position. Steady 
state speed adjustments may be made by 
means of the trimming rheostat Rp. On 
an aircraft installation a rheostat may be 
mounted on the flight engineer’s panel 
and connected in parallel with R,; to 
provide remote control of each generator 
speed. For parallel operated generators 
this is also an adjustment for load divi- 
sion, should the governor setting deviate 
during a flight. 

Stabilizing of the governor may be ob- 
tained by means of the circuit shown in 
broken lines above the control coil in 
Figure 3, The rheostat R, is geared to a 
rack on the servo pistons, and therefore 
movement of the latter will result in a 
change in the amount of the resistance R, 
in the stabilizing circuit. Since the gover- 
nor control current is essentially constant, 
movement of R, results in a change in 
voltage to the capacitor and stabilizing 
coil. The capacitor therefore will either 
charge or discharge, depending on whether 
the voltage decreases or increases. In 
either case a current will flow through the 
stabilizing coil, producing ampere turns 
in opposition to the change in ampere 
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“machines probably? cats 
one from the other due to: 


ment and human error. \n s 
ing, the machine with the 
speed will assume all — ‘subsequi 
thus giving a very undesirable cot 
In Figure 6B is shown in the same order er 
the speed-load characteristics of the: same 
four alternators, but in this case they 
have controls to give speed regulation. 
The same initial speed errors are shown, 
but, on synchronizing, subsequent load — 
is divided among the machines in pro- 
portion to their initial speed errors. The 
drawing is not to scale, the percentage 
droop being exaggerated for the purposes — 
of illustration. 


The control circuit EY oan 


droop control) giving this desired speed 
regulation is part of the governing system 
and is shown in Figure 3. One line to 
neutral voltage of the alternator is sup- 
plied to the primary winding of trans- 
former J;. The secondary winding of 
this transformer is midtapped and con- 
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Figure 6. Diagram showing how load-fre- 
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Figure 7. A. Schematic electrical diagram 
of a-c portion droop circuit 
B, C, D. Vector relations in the primary 
windings of transformers T; and T; for different 
load and power factor conditions 


B—No load 
C—Zero power factor load 
D—0.75 power factor load 


nected through a resistance, R;, to the 
primary windings of the identical trans- 
formers J, and T3. The output of each 
of these transformers is rectified by means 
of selenium rectifiers S; and S;. By con- 
necting the rectifier outputs subtractive, 
the difference in d-c signals can be placed 
on the droop circuit coil connected as 
shown. On no load the alternator line to 
neutral voltage produces equal signals in 
the rectifiers. The resulting two d-c sig- 
nals being subtractive, there is no signal to 
the droopcircuit coil. Thesecondary wind- 
ing of the current transformer, CT, is con- 
nected across the resistance R;. Onload,a 
signal proportional to alternator output 
current therefore is added vectorially to 
and subtracted from the voltage signal, 
thus producing unbalance in the outputs 
of rectifiers S, and Sy. This unbalance 
results in current flow, smoothed out by 
means of the capacitor-resistance network, 
N, shown, through the droop circuit coil. 
The control and droop coils are wound 
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concentrically, the latter being connected 
so that on load, the flux produced is in the 
same direction as that of the control coil. 
This has the same effect as an increase in 
output speed of the variable-ratio trans- 
mission, and the governor acts accord- 
ingly. By means of the variable resist- 
ance, Ro, the percentage speed regulation 
of the alternator can be adjusted to its 
most effective value. On an actual air- 
craft installation it is expected that the 
value of R, will be fixed. 

Vector relations involved in the load- 
frequency droop circuit are shown in 
Figures 7A, B, C, and D. 

It is sufficient to consider the absolute 
magnitudes of the resultant voltages ap- 
plied to the primary windings of trans- 
formers T, and Ts, in determining the 
droop coil signal voltage, since the output 
of each rectifier is proportional to the re- 
spective magnitude of the voltage in the 
transformer to which it is connected. The 
rectifiers are connected subtractive, and 
therefore the net signal to the droop 
coil is zero whenever the voltages applied 
to the primary windings of T, and T; are 
equal in magnitude. 

In Figure 7A is shown the skeleton 
droop circuit and the voltages contribut- 
ing to its operation. Since transformers 
T, and T; are identical, the voltage com- 
ponents, H#, applied to the windings by 
virtue of the alternator phase to neutral 
voltage, are equal. Similarly a voltage 
component, /;; is applied to transformers 
T, and 73; by virtue of the drop in the 
resistor R,, caused by the flow of load 
current through the current transformer. 
The voltages E and E, therefore will be 
vectorially additive in one transformer 
and vectorially subtractive in the other 
transformer. 

In Figure 7B, with no load on the sys- 
tem, the voltage H, is zero, and conse- 
quently there is no signal to the droop 
coil. 

In Figure 7C with zero power factor 
load the absolute value of the vector sum, 
|E+E cf is equal to the absolute value of 
the vector difference \E—E]. Again the 
signal to the droop coil is zero. 

In Figure 7D with a load power factor 


SYSTEM . 
LINE’ TO Ot 
NEUTRAL J) 50+ 
VOLTAGE 


* system o200h 
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of 75 per cent the absolute value of the 

vector sum, |E+E,|, is greater than the 
absolute value of the vector difference, 
|E—E,|. Consequently, a voltage propor- _ 
tional to the difference between the abso- 
lute values is applied to the droop coil 
circuit, actuating the governor in such a 
way as to tend to restore load balance. 
It is clear from the vector relations shown 
in Figures 7C and 7D, that the droop coil 
signal is sensitive to real power current. 
and insensitive to reactive power current. 


Performance Data 


GENERAL 


Performance data obtained at the time 
of writing the paper have been confined to 
a developmental two-generator system. 
Each prime mover of the system was a 
450-horsepower 9-cylinder gasoline en- 
gine, coupled through a step-up gear in 
order to obtain input speeds to the vari- 
able-ratio transmission comparable with 
those expected on an aircraft installation. 
The gear output shaft was connected 
through a double universal coupling to the 
input flange of the variable-ratio trans- 
mission. A 3-phase a-c tachometer with a 
permanent magnet field was driven 
through a gear at half output speed and 
provided power for the governor control 
circuit. 

A freewheeling device located between 
the variable-ratio drive and the alterna- 
tor allows the alternator to be driven but 
does not permit it to attempt to drive the 
prime mover. Loading of the alternators 
was provided by water-cooled calrod units 
and air-core reactors, the continuous rat- 
ing of the alternator being 30 kw, 40 kva, 
at 400 cycles per second and 208Y-120 
volts. 

The presence of the freewheeling unit 
between the drive and alternator made 
synchronizing of the alternators a simple 
matter. Successful parallel operation 


Figure 8. Oscillogram showing transient di- 

vision of real power between generators by 

governor action during acceleration of one 
engine 
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was achieved, the generators staying in 
step during various types of disturbances 
and dividing load equally under steady 
state conditions and reasonably well dur- 
ing transient disturbances (see Figure 8). 
The general performance of the governors 
was very satisfactory throughout a series 
of system tests which followed successful 
parallel operation. 


STABILIZING CIRCUIT 


A considerable amount of previous de- 
velopment work on governors for gasoline 
engines used in tanks greatly expedited 
the development of the governor to con- 
trol the variable-ratio transmission. Be- 
cause of the rates of response and the 
values of inertia involved in controlling 
the tank engines, stabilizing circuits were 
required in governors built for this pur- 
pose. A variable resistance, R,, and ca- 
pacitance, C,, connected, as shown dotted 
in Figure 3, to a second solenoid coil 
enabled this stabilizing to be achieved. 
In the case of the governor for use on air- 
craft where a variable-ratio transmission 
is to be controlled, the slip is relatively 
small and the speed of response high. 
Consequently the afore-mentioned type 
of stabilizing is unnecessary. Tests 
showed, however, that if an application 
should occur where stabilizing is required, 
this could be accomplished readily. 


Droop CIRCUIT 


The value of the resistance R, in the 
droop circuit (Figure 3) was set arbitrarily 
to give a 5 per cent frequency decrease 
linearly from no load to full load on the 
alternator. Load division under steady 
state conditions was excellent, each gen- 
erator taking an equal share of the load. 
By varying the value of R, the percentage 
droop was decreased. For values less 
than 4 per cent the load division became 
less satisfactory and erratic. The value 
of R, therefore was fixed to give a linear 
frequency droop of 5 per cent with full 
load on the alternator. With no load fre- 
quency of 420 cycles per second, a full 
load frequency of 400 cycles per second 
thus was obtained. 

Part of the load on a military airplane 
using the a-c system for electric power 
may be thyratron controlled gun turrets. 
When in operation, these control circuits 
will produce a d-c component of current in 
the a-csystem. This will tend to saturate 
any current transformers which may be 
used there. Since a current transformer 
was an essential part of the droop circuit, 
tests were performed with a thyratron 
controlled gun turret load to determine its 
effect on the operation of the droop circuit. 
It was found that load division was satis- 
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factory, the saturation of the curren’ nt 


transformers used having no noticeable 


effect on governor action. 


SPEED OF RESPONSE : 


The general speed of response of the 
governor is illustrated in Figure 8 which 
shows two sections of an oscillogram taken 
with the machines operating in parallel 
and one engine being accelerated. The 
portion between the two sections of the 
oscillogram represents a time interval of 
0.9 second. The average rate of accelera- 
tion at the input shaft to the drive for the 
total interval is approximately 2,000 rpm 
per second, the machines staying in step 
throughout. The left-hand section of 
Figure 8 shows conditions prior to ac- 
celerating. The system is carrying ap- 
proximately 30 kw of load. The machine 
being accelerated assumes more load 
while the other machine takes less load as 
indicated in the oscillogram. However, 
before the acceleration is completed the 
governors have begun to restore condi- 
tions, so that the machine not being ac- 
celerated begins to assume its share of the 
load again. This is illustrated in the right- 
hand section of Figure 8. Other oscillo- 
grams were taken showing the effects of 
acceleration and deceleration when the 
system was supplying lagging power factor 
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Figure 9. Curves of movement of governor 
servomechanism after change in electric signal 
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_ necessary to resort to somewhat 


loads are used. 

In order to pve ts acc ul cate 
speed of response of the governor ‘was 
cial a 
means. A switch SW, Figure 3, was is con 
nected across the trimming rheostat, wane 4 
The value of the resistance was adjusted 
so that by closing SW, the output speed 
dropped from 6,000 rpm to approximately 
4,000rpm. A battery connected appropri 4 
ately to R,, the rheostat formerly used in — 
the stabilizing circuit, enabled movement 
of the servomechanism to be determined | 
after receipt of the unit function signal 
by the governor control coil. The tests 
were performed on one governor, and 
variable-ratio transmission coupled to a 
generator but supplying no load. 

Figure 9A shows a plot of movement of 
the governor servomechanism in terms of 
time after receipt by the control coil of 
the unit function signal. The output 
speed of the variable-ratio transmission 
was reduced from 6,000 rpm to approxi- 
mately 4,000 rpm. With an input speed 
of 3,000 rpm this gave a change in drive 
ratio from 2:1 to 1.3:1. 

Figure 9B shows a similar curve ob- 
tained by opening the switch S (Figure 3) 
and thus increasing the output speed from 
4,000 tpm to 6,000 rpm. Here there is an 
overshoot of approximately 2 per cent. 
This is due to the inherent delay of the 
moving parts and the oil pressure of the 
hydraulic system, reaching steady state 
conditions after completion of the unit 
function change in electric signal. 

The successful operation of the gover- 
nor over a period of 200 hours under se- 
vere conditions brought about by many 
stops and starts with heavy loads often» 
applied and removed suddenly indicates 
that a suitable automatic control has been 
developed for the variable-ratio transmis- 
sion so necessary in the parallel operation 
of main engine driven aircraft alternators. 
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Field Tests of Interrupting Capacity of 


138-Ky Oil Circuit Breakers 
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Synopsis: The preliminary planning neces- 
sary to estimate the amount of current to be 
interrupted on a large network for staged 
tests under short-circuit conditions is out- 
lined, also the precautions necessary to keep 
the applied fault from developing into a 
total system interruption. The circuit 
breakers under test are identified, various 
quantities required for record, and the 
means of obtaining the same are discussed. 
The results of a number of tests are given 
as well as a general discussion as to the 
conditions of the tests and of results 
obtained. 


HE 25-CYCLE high-voltage network 
of the Hydro-Electric Power Com- 
mission of Ontario extends from the 
Quebec border to Windsor, with generat- 


ing sources on the Ottawa, Gatineau, 


Lievre, and St. Lawrence Rivers in the 
east and on the Niagara River.! Primary 
transmission from the east is at 230 kv, 
while the loads located from Toronto to 
Windsor are supplied from a 115-kv net- 
work covering the afore-mentioned area. 

The total generating capacity normally 
interconnected and supplying this net- 
work is in the order of 1,750,000 kva. The 
short circuit kilovolt-amperes on the 115- 
kv network has increased with system 
growth, with the result that, although 
circuit breakers had been provided at 
many points with the highest interrupt- 
ing capacity available from time to time, 
the increase in short-circuit kilovolt- 
amperes always had to be considered in 
regrouping lines or paralleling busses. 
In some cases it has been necessary to 
sectionalize busses to reduce short-circuit 
currents, where best operating practice 
indicated parallel operation. The neces- 
sity of operating all generating sources 
to their capacity during the war also has 
tended to increase the short-circuit kilo- 
volt-amperes. 

When considering the point to which it 
would be reasonably safe to interconnect 
the network without inviting failure of 
the circuit breakers to interrupt faults, the 
Commission’s engineers were required to 
answer the question, what modifying fac- 
tor, if any, should be applied to the in- 
terrupting capacity of the circuit breaker 
at 60 cycles, as demonstrated by labora- 
tory and field tests, when this circuit 
breaker was required to interrupt 25- 


APRIL 1946 


MEMBER AIEE 


cycle current. There appeared to be no 
clear-cut answer to this question. After 
discussion with manufacturer’s engineers, 
it was decided to make the tests described 
in this paper on a modern oil circuit 
breaker, by having this circuit breaker in- 
terrupt actual system fault currents up to 
its rated interrupting capacity and ob- 
serving the results. 

A 188-kv single tank circuit breaker 
equipped with type BH deion grid, lo- 
cated at Burlington transformer station, 
having rated interrupting current of 
7,950 amperes at 110 kv, was selected, the 
manufacturer being asked to place this 
circuit breaker in ‘factory condition” 
prior to the test. It also was decided to 
make a test on a second circuit breaker of 
the same interrupting capacity by in- 
stalling in it temporarily an improved 
interrupting device, known as the type 
MF grid. This assembly was to be 
tested at not over 13,200 amperes at 110 
aye 


Preliminary Work 


Certain preliminary studies are re- 
quired before tests of this nature can be 
made. Important studies include: 


1. Determination of system required, in- 
cluding departures from normal network 
and generating capacity. 


2. Careful scrutiny of the system and its 
relay protection, to determine the possi- 
bility of loss of tie lines, busses not involved 
in the fault, frequency changer ties, syn- 
chronous loads, and generating capacity 
and, where it could be done, to prevent 
their occurrence. 


3. Listing of quantities to be measured 
and providing of equipment for measuring 
these quantities, 


The circuit breaker to be tested also 
must be conditioned, if the tests on it are 
to be considered a fair demonstration of 
its performance. 


System Required 


The American Standards Association 
“Standard for Oil Circuit Breakers, 
C37-4” defines rated interrupting current 
as the total rms current at the time the 
contacts part. It was agreed that these 
standards were to apply. One problem in 
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the aries work became that of de- — 
termining the system setup required to 
produce a short-circuit current, as defined 
by the ASA Standard, as nearly equal to, 
but no greater than, the rated interrupt- — 
ing current given by the manufacturer. | 


The system upon which the fault was 
to be placed is shown in Figure 1. Bur- 
lington transformer substation is located 
at the heart of the 115-kv network. Al- 
though the only sources of short-circuit 
current close to the point of fault are the 
two 40,000-kva synchronous condensers 
at Burlington, there are points of infeed 
from eastern sources over the 230-kv net- 
work and from Niagara River plants over 
115-kv lines. Generators in the latter 
plants, which are on busses separate from 
the 115-kv subsystem on which the fault 
was placed, also supply current to the 
fault by back-feeding through 230-kv 
transformers at Burlington to the com- 
mon 230-kv bus. 


It had been decided that two prelimi- 
nary tests would be made, one at approxi- 
mately 1/4 and one at 1/2 rated inter- 
rupting current before the final test on the 
lower rated circuit breaker, and one pre- 
liminary test at not over 7,900 amperes on 
the higher rated contact assembly. To 
determine the initial values of symmetri- 
cal current, and the system rearrangement 
required to produce them, the system 
shown in Figure 1 was placed on the net- 
work calculator. 


System generation and loads for a nor- 
mal Saturday were used with the im- 
pedance of generating sources represented 
by their subtransient reactance. 


After a number of trials on the calcu- 
lator one grouping of lines was found such 
that with the fault located at the distant 
end of the line whose line circuit breaker 
would be under test, approximately 1/4 
rated current would flow initially, and the 
same network with fault located at the 
near endofthesame line would produceap- 
proximately 1/2 rated current. It should 
be noted that rather severe restrictions 
were placed on modifying the system to 
develop the required values of short-cir- 
cuit current. Sufficient generation had to 
be retained to supply the system load, and 
circuits could not be opened to the point 
where service security would be threat- 
ened seriously. 

The system required to give a 3-phase 


Paper 46-19, recommended by the AIEE com- 
mittee on protective devices for presentation at 
the AIEE winter convention, New York, N. Y., 
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W. B. Bucuanan is assistant laboratory engineer 
and G. D. Fvioyp is electrical consultant with the 
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Figure 1. Niagara division transmission net- 
work of the Hydro-Electric Power Commission 
of Ontario 


short circuit of 7,900 amperes and that 
required to produce approximately 13,000 
amperes likewise were determined. For 
the latter the two 115-kv busses at Bur- 
lington would be parallelled and both syn- 
chronous condensers operating. These 
condensers could be used to advantage to 
obtain vernier calibration of the current, 
as the amount of infeed from each was 
known from the calculator readings. 

Calculator readings give only the initial 
symmetrical current, so that the relation 
between this current and the foal current 
at the time the contacts separated re- 
mained to be determined. 

The d-c component of total current de- 
creases exponentially according to the 
formula i = [,e-"/”, The ratio R/L is 
the ratio of resistance to inductance of 
the system looking into the system from 
point of fault. This ratio was determined 
from measurements on the calculator and 
found to be 33, giving a time constant of 
0.03 second for the d-c component. It, 
therefore, was concluded that at 3 to 4 
cycles (0.12 second to 0.16 second) after 
beginning of the fault, the d-c component 
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would have disappeared, or at least it 
would be so small as to have negligible 
effect on the value of total current. 

Standard decrement curves? indicated 
that, when corrected for frequency, the 
a-c component of total current at 3 to 4 
cycles was practically the same as the 
initial a-c component. 

As a result of the foregoing conclusions, 
the decision was made to use the system 
setup determined on the calculator, in- 
cluding as nearly as possible the same sys- 
tem generation without modification. 


Provision for Service Security 


It was of utmost importance that im- 
pairment to service should be avoided. 
The expected behavior of the system 
and its associated relay protections under 
severe 3-phase faults were studied to 
determine points of weakness. As a re- 
sult of this study it was decided all fre- 
quency changer ties would be opened and 
certain relays on tie lines blocked for the 
brief test period. Backup protection for 
the circuit breakers under test was pro- 
vided, and tested, and arrangements were 
made to place observers at widely sepa- 
rated key points to block those relays con- 
sidered necessary and to be available if 
unforeseen trouble developed. Some loss 


Buchanan, Floyd—138-Kv Oil Circuit Breakers 


6q-7 


1-45MA 1 
TO 60M 


; HANOVER F/G 
1060 ) _ STATION 
SYSTEM BURLINGTON oe alae dauia 
WILTSHIRE BAiDEMANOet $ 3+) 8-23.5 MVA 
PALMERSTON asia 
} O40 — 3O7-28.5MVA 
1-40 MVA ' ae FAIRBANK, PAUGAN ° 
; p pus | A K - Vs 
KITCHENER, GUELPH T TORONTO AREA 2 y 1-32 MVA 
|-25M VA O)-$ 230-KV SYSTE 
ESPLANADE base 
PRESTO 
STRATFORD N 2 BANKS ; 
1-22. ‘e) 
ST. MARYS nai? OFARMERS 
: STRACHAN 
NDER TEST 3C)MASSON 
WOODSTOCK Soe gd ts bathe 426 MVA 
LONDON 
>OBEAUS 
oO? BRANT 6-43.9 MVA 
I-10 MVA 
HAMILTON Taber TOC BUS: 
7 ou te | o 
LEGEND: 1-54 MVA 
© GENERATOR $—C) I-54 MVA 
© SYNCHRONOUS CONDENSER ont ATUAS DECEW 
OLBORNE CROWLAND r 
ve Ae ~ [-48.5 MVA 3—O)I-45 MVA 
B7MVA “4 >C)1-45 MVA 
Se ONTARIO POWER QUEENSTON 
2pl1 MVA 
rob ais: 
Sel endef D,., MVA +C)4-8.7 MVA 
ST. THOMAS TORONTO INES ONTARIO POWER 
+1) 4-8.7 MVA 
KENT NORFOLK QUEENSTON 
ESSEX \-45 MVA 
Bere Eas 1-54 MVA 
1-55 MVA 


of synchronous load appeared to be un- 
avoidable and was accepted. 


Study of Quantities to Be Measured 


The quantities having direct bearing on 
the behavior of the circuit breaker itself 
and methods developed and used to ob- 
tain them are described later in the paper. 
Advantage was taken of every opportu- 
nity afforded by tests of this nature to ob- 
tain information on system and relay be- 
havior. As a result observations quite 
foreign to those required for the test itself 
were included in the program, and useful 
data were obtained. To avoid confusion 
these data are not included in this paper. 


Description of Circuit Breakers and 
Contacts 


The two circuit breakers tested are 138- 
kv type BQOB oil circuit breakers manu- 
factured by the Canadian Westinghouse 
Company. The 8 poles are mounted in a 
single floor-mounted tank. The spacing 
at the top of the bushings is the same as 
the minimum spacing for bushings of 3- 
phase transformers of the same voltage 
class. 

The bushings are standard oil-filled 
condenser type, with deion grid contacts, 


ELECTRICAL ENGINEERING 


Figure 2. Type BQOB 138-kv oil circuit breakers at Burlington 
transformer station 


Figure 3 (right). 


type BH for the 8-cycle 1,500,000-kva 


rating, and type MF for the 5-cycle cir- 
cuit breaker rated at 2,500,000 kva. Each 
grid is surrounded by a heavy circular in- 
sulating tube, which acts as a barrier be- 
tween phases. Entry to the tank is 
through a manhole at the side of the tank. 
Ample space is available between the con- 
tacts and the tank for inspection and 
maintenance. 

Figure 2 shows a row of these circuit 
breakers at Burlington transformer sta- 
tion. Figure 3 shows a section through 
the type MF contact. 


Measuring Equipment 

Past experience indicated that high in- 
ternal pressures could be developed and 
oil ejected when circuit breakers opened 
on heavy fault currents. A pressure gauge 
therefore was installed giving an output 
suitable for oscillographic records. This 
gauge consisted of a Crosby steam gauge, 
in which a slide wire potentiometer had 
been substituted for the oscillating cyl- 
inder and fitted with a 60-pound spring. 
The gauge was connected to a l-inch 
bushing, the latter welded to the tank 
about 27 inches above the concrete base. 
The pressures that might occur were quite 
conjectural, but the choice proved satis- 
factory for these tests. 

Circuit breaker tanks also had been 
known to shift on their bases, and a de- 
tailed study of motions and stresses was 
suggested. Zenith vibration recorders 
were mounted, one on each of the four 
lifting lugs at the top of the tank. These 
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Section through 138-kv type MF contact multiflow 
5-cycle Deion grid, 21/2 million kva 


units contain circular clock-driven charts 
and are very sensitive to vertical dis- 
placements that occur at high accelera- 
tions. 

Other stress indicating devices, such as 
scratch extensometers and electric units 
of the strain-resistance type, were at- 
tached at the base of the tank and to the 
holding-down bolts. 

A special travel indicator was designed, 
attached to the indicator arm, and a cali- 
bration curve of the relative motion be- 
tween the vertical lift rod and the indi- 
cator arm was obtained. To obtain a 
continuous accurate record, two slide 
wires with independent sliding contacts 
were used in parallel as a potentiometer. 

Line to ground voltages were obtained 
from the secondary windings of three 
potential transformers, the primary 
windings of which were connected line 
to ground on the 115-kv bus. 

Currents were measured by inserting 
Weston multiratio current transformers 
in the secondary windings of the regular 
bushing-type current transformers, to 
provide a further stepdown of current to 
the oscillograph shunts. An over-all 
calibration of the oscillograph element cir- 
cuits was made by circulating alternating 
current in the primary winding of the 
Weston current transformers. 


Buchanan, Floyd—138-Kv Oil Circuit Breakers 


The entire group of measurements re- 
quired the use of 18 and occasionally 20, 
oscillograph elements plus some me- 
chanical records. 


Procedure on Test 


Immediately before each test, duly 
accredited representatives of the manu- 
facturer and of the engineering and oper- 
ating departments of the Commission 
were consulted as to final readiness and 
consent obtained to proceed with the 
test. 

Arrangements previously had been 
made covering the system required for 
each test. A request was made through 
the load supervisor to have this system 
arrangement established, and at the same 
time the relay section of the operating de- 
partment was conferred with for any 
special checking or blocking of relays to 
maintain protection without interfering 
in any way with the test proposed. 

Finally, the instrument operators were 
checked for readiness. The last group of 
items checked consisted of oscillographs 
and mechanical recorders, which were 
automatic in operation. 

A public address system is installed in 
various buildings and in the yard in Bur- 
lington transformer station. The oper- 
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ator in charge announced to all present 
the test was to take place; communication 
was established also with operators at 
Niagara, Dundas, Toronto, London, and 
other stations, over the private telephone 
system. <A 2-minute warning was given, 
then at the proper time, 10 seconds, 9, 
8, and so on, and on the stroke of zero 
the circuit breaker was closed on the 
short circuit. 

With one exception the actual time 
during which the current was maintained 
was about 1/8 second. In the exceptional 
case the short circuit was cleared in about 
30 cycles by the opening of seven circuit 
breakers without any major interruption 
on the system. Data obtained from this 
test gave more complete information on 
system transients, permitting analysis of 
the decrement of short-circuit current. 


Results of Tests 


A standard operating duty cycle con- 
sists of closing the circuit breaker on a 
short circuit and allowing it to open auto- 
matically, then after 15 seconds delay re- 
peating the closing and automatic opening 
operation. This is designated a CO-15- 
CO operation. In the tabulated list of 
results each test as listed indicates a 
single close-open operation. 

Figures 4 and 5 are typical records of 


The red-phase line-to-ground voltage. 
The three 115-kv line currents. 

The trip-coil current. 

The record of the travel indicator. 


BeOS 


The data shown on Table I were ob- 
tained from the oscillograms. The cur- 
rent listed for each test is the maximum 
measured on any one of the 3 phases. 
Duplicate records taken on another os- 
cillograph provided a satisfactory check 
on the current values as listed. 

The current, arcing time, and total 
duration of fault current were obtained 
by the method outlined in the American 
Standard for ‘‘Alternating-Current Power 
Circuit Breakers 37.4 to 37.9,” inclusive. 

The results of the electrical tests require 
very little comment. Close inspection of 
the oscillograms indicate, in some cases, 
an erratic variation in resistance of the 
are while it was being quenched. 

Vertical motion to a maximum of 0.4 
inch was recorded by the Zenith recorders 
at the top of the tank. The precision of 
the figures does not warrant drawing any 
elaborate conclusions, but some points 
are of more than passing interest. Table 
II shows the record obtained from these 
instruments. 

The mechanical shocks registered on 
the first three tests seem to be independ- 
ent of current, as greater motion (approxi- 
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mately twice as much) was recorded on 
test 2, with current at 4,720 amperes as 
occurred on test 3-2, when 7,720 amperes 
were interrupted. 

This suggests that the acceleration and 
deceleration of parts played an important 
part in the over-all motion of the tank. 
It may be noted that the vertical motion 
of the top of the tank of the circuit 
breaker equipped with the MF grids was 
substantially less than on that with the 
BH grids, though the current interrupted 
was very much greater. 

No quantitative results have been ob- 
tained from the records of stresses at the 
base of the tank because of various diffi- 
culties in anticipating their performance. 
It is conclusive, however, that, if stresses 
of objectionable magnitude had occurred, 
they would have been detected on the 
records. 

The hydrostatic pressures set up in the 
tank appeared in the form of waves of de- 
creasing amplitude. The maximum posi- 
tive pressure was greater on the circuit 
breaker equipped with BH grids but did 
not exceed approximately 25 pounds per 
square inch as recorded. Even this was 
not a sustained pressure but a pressure- 
wave reflected back and forth with de- 
creasing amplitude. By dividing the 
time interval between pulses, the actual 
time of the event in the circuit breaker 
contacts which causes the pulse may be 
estimated and identified. 

The pressure gauge records from tests 
2, 3, and 5 have been transferred to a 
single chart (Figure 6) for better com- 
parison. A timing wave for test 2 was not 
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available on the same film, but the action 
is sufficiently like test 3 for identification. 

The small impulse registered first in 
each case seems to occur at the closing of 
the contacts; the heavier pressure waves 
continued for three surge-cycles after the 
are was extinguished. 

This device would not record negative 
pressures, so it is not possible to continue 
the analysis of the pressure waves fur- 
ther, though it is an interesting and un- 
expected aspect of the problem. - 

Samples of the insulating oil were taken 
after each test on the circuit breakers, 
and later tested for dielectric strength. 
No deterioration could be detected from 
the breakdown values, though the oil had 
become somewhat darker in color. 


Comparison of Test Results With 
Calculator Values of Current 


A comparison of values of current ob- 
tained on test with network calculator 
values has been made, to establish the 
accuracy of the latter in determining cir- 
cuit breaker interrupting capacity. 

The preliminary tests at 1/4 and 1/2 
rated current were found to be about 15 
per cent higher than given by the cal- 
culator, but this was due in part at least 
to increased and different distribution of 
generation from that used on the cal- 
culator. There was also a slightly differ- 
ent system arrangement. These varia- 
tions were unavoidable but indicate that 
the system must be set up as accurately 
as possible, if close estimates of fault cur- 
rents are required. 
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Figure 4. Oscillograph record of current interruption with BH grid 
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There was 5 per cent variation in fault 
current as measured on two field tests 
made with identical system arrangement, 
including the same generation. 

On all tests it was found that the d-c 
component, although still 
added only one or two per cent to the 
total current. The largest value of this 
component on any test as measured, was 
approximately 15 per cent of the total. 

On all but one test the duration of fault 
current was so short that no accurate 
estimate of decrement could be made. 
The agreement between calculated and 
test values of current, the former being 
initial values of rms symmetrical current, 
was an indication that for the time periods 
of interruption obtained on these tests it 
is safe to assume that no decrease in cur- 
rent occurred. Any error due to this 
assumption is in favor of the circuit 
breaker from the point of view of circuit 
breaker application, as it gives higher cur- 
rents than the actual currents interrupted. 

On one test the current through the cir- 
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Oscillograph record of current interruption with MF grid 


cuit breaker existed for 30 cycles, until 
the fault was cleared by backup relays 
and system voltage restored to normal. 
This test, although it was a failure as a 
test on the circuit breaker, gave very use- 
ful data on the behavior of this system 
under 3-phase short circuit. 

The currents recorded have been an- 
alyzed with the following results: The 
d-c component had an average short- 
circuit time constant of 0.06 second, com- 


pared with the 0.03 second obtained from 
calculator readings. 

A comparison of test current (average 
of three phases) as measured and total 
current obtained from standard decre- 
ment curves, the latter corrected for a 
25-cycle system by assuming an average 
open circuit time constant for this system 
of 10 seconds indicated close agreement 
(Figure 7). The decrement curves give 
values of total current, assuming a totally 
displaced wave. As no one of the test 
currents was totally displaced, it was pos- 
sible to compare only the a-c components. 


Condition of Circuit Breakers 
Following Tests 


CIRCUIT BREAKER Havinc BH Grips 


The circuit breaker in which the type 
BH grids were installed was rated at 
7,950 amperes and was tested at 2,700 
amperes, 4,700 amperes, and 7,700 am- 
peres approximately with inspection fol- 
lowing each test. Following the initial 
test there was only slight discoloration 
of oil. After the second test inspection 
showed discoloration of oil and slight 
pitting on the edge of the moving con- 
tacts. After the third test there was con- 
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Figure 6. Record of pressures developed in 
circuit breaker tank on selected tests 
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Figure 8. Méicarta shield from type BH grid 
assembly after test at 7,500 amperes, showing 
crack at bolt hole 


siderable discoloration of oil but no de- 
crease in its dielectric strength. The mov- 
ing contacts were burned slightly on the 
outside edges. The Micarta shield on one 
bushing was cracked at a bolt hole (Figure 
8). The alignment of lift rods, moving 
contacts, and grids had not changed. 
The Deion grids were removed and dis- 
assembled. No permanent damage was 
discovered, the only evidence of the in- 
terruption being a black substance blown 
through a number of the stacks (Figure 9). 


CrrcuIT BREAKER EQUIPPED WITH TYPE 
MF Grip 


This circuit breaker interrupted 13,100 
amperes with very little movement of the 


Figure 10. Type MF contact assembly and 
contacts after test at 13,100 amperes 


tank, Thecondition of the contact mecha- 
nism is shown on Figures 10 and 11. In 
our opinion the contact mechanism could 
have interrupted an undetermined fur- 
ther number of short circuits at 2,500,000 
kva without overhaul becoming neces- 
sary. It therefore fulfills the require- 
ments of the American Standard C37.4 in 
this regard. 


Conclusions 


1. It is quite feasible to test circuit break- 
ers by staged tests on a large system, pro- 
vided suitable precautions are taken, and 
the necessary preliminary work is done to 
establish the generation and line arrange- 
ment required to produce the specified 
value of short circuit current. On a large 
system use of the d-c or a-c calculator to 
determine the system required is essential. 
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Figure 9. Plates 
from type BH grid 
stack after test at 
7,500 amperes, 
showing material 
blown between 
plates by the arc 
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Figure 11. Moving contact assembly type 
MF after test at 13,100 amperes 


2. Three-phase short-circuit current values 
at 25 cycles obtained on the calculator 
agree with actual system values, at least to 
the same accuracy as obtained on successive 
tests (5 per cent), using subtransient values 
of generator reactance and no decrement, 
if the circuit breaker time is 3 cycles. 


8. The standard decrement curves modi- 
fied for 25-cycle conditions, agree with 
actual system behavior within the accu- 
racy of the test itself. 


4. The circuit breaker with rated inter- 
rupting capacity of 1,500,000 kva is capable 
of interrupting 7,950 amperes at 110 kv and 
25 cycles, within the meaning of the 
American Standard C87.4. 


5. The contact assembly or type MF grid 
is capable of interrupting 13,100 amperes 
at 110 kv and 25 cycles, within the meaning 
of the American Standard C87.4. 


6. Comparison of results from this test 
with those made previously in the high 
current test laboratory at 60 cycles indicates 
that the margin between rated and maxi- 
mum interrupting capacity appears to be 
reduced for 25-cycle faults. 
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Flight Testing and Brectroscopy 
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Synopsis: A multiple-point potentiometer 
recorder for thermocouples is described hav- 
ing a slidewire driven to balance by a small 
induction motor powered from a 6L6 elec- 
‘tron tube. The preamplifier gain is suffi- 
cient that the conventional input trans- 
former (voltage step-up type) is not re- 
quired, and thus a high impedance input cir- 
cuit is made available. This permits the use 
of small capacitance values in the RC cir- 
cuits for signal filtering and motor damping. 
The relation of this to the short balancing 
time (1.5 seconds) is discussed. | 

Spectroscopy supplied the incentive for 
the development of two additional but sim- 
ilar recorders. The first of these is a curve- 
drawing multiple-range microampere re- 
corder with the smallest range 0.5 micro- 
ampere, and with a balancing time of less 
than 1.0 second. The second is a multiple- 
range current-ratio recorder requiring only 
about 10 microamperes for the reference cur- 
rent. 


N A PREVIOUS PAPER! there was 

described the application of this re- 
corder in potentiometer form to the meas- 
urement of 140 thermocouple tempera- 
tures during flight tests of planes. The 
switching of the thermocouples was de- 
scribed and the need for the short balanc- 
ing time in the recorder was explained, but 
a description of the recorder itself was 
beyond the particular purpose of that 
paper. Interest in the recorder for other 
uses, stich as wind tunnel testing, turbine 
checking at sea, and, in modified forms 
for spectroscopy is the reason for the 
present paper on the recorder itself. 


Potentiometer Recorder 


Figure 1 of the multiple-point potenti- 
ometer recorder shows the scales, the 
pointer, a section of the 21-point print 
wheel (under the pointer), and the per- 
forated strip chart. The print wheel is 
pressed onto the paper once every 1.63 
seconds by mechanical linkage from the 
same synchronous motor that drives the 
chart at constant speed. There is a violin 
string and pulley connection between the 
print wheel carriage and the slidewire 
potentiometer. All this is conventional. 

Figure 2 shows the basic potentiometer 
circuit which is used. In operation, if the 
thermocouple gets hotter, its electromo- 
tive force increases above that of the po- 
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The detector notes the un- 
balanced voltage and, through the bal- 
ancing system A—A, moves the contact to 
balance and with it the print wheel and 
pointer. The current through the po- 
tentiometer is standardized by manually 
moving the battery rheostat, with the 
switch in the standardizing position, until 
the potentiometer contact comes within a 
limited region, as indicated by the pointer 
coming withinamarked region of the scale. 


REFERENCE JUNCTION COMPENSATION 
The circuit of Figure 3 is used for refer- 


ence junction compensation. It is uncon- 


ventional, as the reference junctions are 
remote from the recorder with plug con- 
nectors X of uncertain contact resistance 
in the leads 1, 2, 3, and 4. To minimize 
the effects of contact resistance and still 
have the reference junctions remote from 
the recorder, a complete bridge containing 
the compensating coils is located at the 
switch box with large end coil resistors 
R, and Rg so the bridge can be supplied 
from the full 1.2 volts. 1.2 volts is the 
“end point’ voltage for the dry battery 
with this circuit. 


MECHANICAL CONSTRUCTION 


In Figure 4 the door and the chart 
table are hinged away showing the slide- 
wire, in large pan shaped enclosure, its 
vertical shaft and its direct gearing to 
the balancing motor. In the rear of the 
case, between the motor and slidewire 
shaft, can be seen one of the tubes in the 
amplifier, the chassis of which is hidden. 

The amplifier and motor make up the 
balancing system shown as the detector 
and dotted line A—A of Figures 2 and 3. 


AMPLIFIER 


The amplifier handles the unbalance as 
a 60 cycles per second a-c signal obtained 
by conversion from the d-c unbalance. 
The conversion is accomplished by a vi- 
brator driven synchronously at line fre- 
quency as shown in Figure 5A. A block- 
ing capacitor C-prevents direct current 
from flowing from the thermocouple cir- 
cuit to the tube or conversely. Four 
stages of triode voltage amplifiers are used 
together with one beam power output 
stage (6L6) with transformer coupling 
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to one phase of the motor. The other 
phase of the motor is connected directly 
to the line. The quadrature phase re- 


lation required between the two motor 


windings is met by a fixed amount of 
phase shift in the vibrator drive-coil 


circuit. The mechanical drive from the © 


motor to the slidewire completes the 
feedback loop. By using direct current 
on the heaters of the triodes, and by 
using rubber shock mounting on the low- 
level tube (first two stages), the total 
noise is held to less than seven microvolts 
referred to the first grid. 


FILTER Circuits . 


External circuits may produce alternat- 
ing voltages in the thermocouple circuit 
as a result of capacitive or inductive 
coupling. If these voltages reach the 
detector input: circuit, some interfering 
voltage will appear at the first grid. The 


vibrator suppresses the fundamental com- 


ponent but, like all modulators, adds 
components at new frequencies. The 60 
cycles per second component is the only 
one which produces torque in the motor, 
but the other frequencies are almost as 
bad because they overload the amplifier. 
When overloaded at an odd frequency, 
the amplifier cannot handle the regular 60 
cycles per second signal as it should. 

All this points to the need for filtering 
out alternating voltages ‘“‘picked up” by 
the thermocouple or its leads. Figure 5A 
shows the four-section resistance capaci- 
tance (RC) filter that is used. Induc- 
tances were not used for the serieselements 
because of their inherent characteristic of 
“picking up” voltage from stray fluctuat- 
ing magnetic flux. To shield such induc- 
tances magnetically introduces complica- 
tions, size, and expense. The RC filter 
never can be built to have the sharp fre- 
quency cutoff of the LC filter, but it was 
found that it could be built sufficiently 
sharp to meet the requirements. The re- 
quirements are: 


1. Attenuation of 60 cycles per second (and 
higher frequencies) by a factor of 500 or 
more (loss of 54 decibels or more). 
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2. Transmission of low frequencies of about 
one cycle per second and lower to 0.998 or 
better (loss of 0.016 decibel or less). 


Requirement 2 could be stated as fol- 
lows: After switching from a cold couple 
(reading at low end) to a hot couple 
(reading at the high end) the voltage at Cy 
shall assume the voltage of the hot couple 
to within 0.2 per cent in 1.5 seconds or 
less. 

Theoretically, the use of multiple sec- 
tions in the filter is adequate to meet these 
conflicting requirements. Experimentally 
it was found that this was not sufficient. 
If electrolytic capacitors were used, re- 
quirement 2 would not be met. Many 
samples of electrolytic capacitors of many 
types and ratings have been tried. A 
typical result is shown on Figure 6A, 
which is a recorder response curve made 
with the chart driven at high speed. A 
satisfactory result with paper capacitors 
of the same 60 cycles per second capaci- 
tance is shown on curve B of the same 
figure. The reason for the excessive de- 
laying action of the electrolytic capacitors 


Figure 2. Basic potentiometer circuit 
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Figure 1. Maultiple- 
point potentiometer 
recorder 


Figure 4. Internal 
view of recorder 


was not investigated further. It may be 
the result of interfacial polarization in- 
herent in the complex electrolytic film. 

The impedance looking into this filter 
from the detector side at low frequencies 
(and direct current) is 20,000 ohms. The 
impedance of the detector is greater than 
this so it receives the greater part of any 
change in thermocouple voltage. There- 
fore the combination of high impedance 
detector and multisection RC filter using 
paper capacitors insures that the detector 
will receive changes in the thermocouple 
voltage without serious delay or attenua- 
tion. 


DAMPING 


Because of the inertia of the balancing 
motor, there is a tendency for it to over- 
shoot the balance point. This is avoided 
by reversing the torque shortly before 
the balance point is reached. The torque 
is reversed by reversing the input to the 
detector, and this is done by introducing a 
voltage proportional to the motor veloc- 


ity.2 As the slidewire and motor are 


SW|TCH BOX 


BATTERY 
RHEOSTAT 


DRY 
BATTERY 


SLIDEWIRE POT 
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geared together, the slidewire velocity is 
proportional to the motor velocity. Fig- 
ure 5B shows a simple circuit forwhich the 
output voltage E, is proportional to the 
rate of change of the input voltage, dE,/dt, 
provided only that dE,/di has been con- 
stant long enough for the transient to have 
expired. If the circuit of Figure 5B were 
inserted into Figure 5A at B-—B, there 
would be delivered to the detector mesh a 
voltage proportional to velocity as re- 
quired. Of course, no voltage propor- 
tional to slidewire position would be de- 
livered; however, if the circuit of Figure 
5C is used, the voltage E» delivered to the 
detector mesh is exactly one-half the volt- 
age EF of the slidewire when the slidewire 
comes to rest, and the transient has ex- 
pired. When the slidewire is moving 
there is a component in £» proportional to 
the velocity. The time constant of the 
transient is the parallel re&stance from 


Figure 3. Circuit used for reference junction 
compensation 
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ing, and damping 


A—Circuit without 
damping network 
B—Explanatory net- 
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Resistor values are given in ohms and capacitor values in microfarads 


, 
Rs 


RitRe 
10,000 X3.4X10-®=0.034 second. This 
is so small as to have only a second- 
ary effect, and the main object is accom- 
plished, that is, to introduce a voltage 
proportional to velocity for the purpose of 
damping. The damping is sufficiently 
good to permit switching, completing a 
full scale balance and printing in 1.63 
seconds. 

It will be noticed that with this circuit 
some current is drawn from the slidewire 
even at balance. Quantitatively, how- 
ever, it would require 40 ohms resistance 
in the slidewire, and its contact, to intro- 
duce an error of 0.1 per cent, and no such 
resistances ever have been found. 

With the filter circuits and damping 
circuits described in the foregoing, and 
with the high impedance detector, two 
things are accomplished: 


point A times capacitance = 


1. Large unbalances are completed in a 
minimum time without overshoot. 


2. The voltage level at the detector is 


Figure 6. Recorder response to a suddenly 
changed voltage 


A—With electrolytic capacitors in filter circuit 

B—With paper capacitors having the same 60 

cyclzs per second capacitance as the electro- 
lytic capacitors 
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kept as high as possible, and therefore has 
the greatest possible margin above stray 
thermal electromotive forces. 


Microampere Recorder 


For the recording of thermocouple tem- 
peratures, a potentiometer recorder is 
required because it is the open circuit 
(zero current) voltage that is the function 
of the temperature. For the recording of 
light or other radiation on a barrier layer* 
photoelectric cell, a current recorder is re- 
quired because it is the short circuit (zero 
voltage) current that is the function of the 
radiation. 

Figure 7A shows, in simplified form, 


* With an emission-type photoelectric cell it is the 
combination of the cell and its voltage supply which 
should look into a short circuit (zero voltage), 


CALIBRATED 
RESISTOR 


90 95 100 


how the slidewire type of null recorder 
can be arranged to present zero voltage to 
the photoelectric cell at balance. When 
any appreciable voltage does appear across 
the photoelectric cell, and hence across the 
detector, it operates through A-A to 
move the slidewire and so changes the 
current through the calibrated resistor 
until that current equals the current from 
the photoelectric cell, thus returning to 
zero the current through the detector and 
the voltage across the detector and photo- 
electric cell. 

Figure 7B shows how filtering and 
damping are added. It will be noted that 
resistance is inserted between the photo- 
electric cell and detector for the purpose of 
filtering yet this resistance does not pre- 
vent the photoelectric cell and the detec- 
tor reaching zero voltage at balance, as no 
direct current flows through this resist- 
ance at balance. As the slidewire has a 
low impedance, all three capacitors con- 
tribute to the filtering of alternating cur- 
rent from the photoelectric cell circuit 
away from the detector. 

The damping is provided by capacitor 
C3 which gives a component of voltage 
across the detector proportional to slide- 
wire velocity. Figure 8 shows balancing 
curves with the chart speeded up in order 
to show detail. The balance time is ap- 
proximately 0.8 second extrapolated for a 
full scale change. Most of the time the 
motor is running at top speed which is 
near to synchronous speed. The time 
lost in getting up to speed is 0.06 second 
or four cycles, and the time lost in stop- 
ping is 0.08 second or five cycles. Good 
damping is indicated by the fact that the 
time lost in stopping is nearly as small as 
the time lost in starting. 

In addition to the null current range 
of 0.5 microampere, there have been 
added for convenience other current 
ranges and several voltage ranges by 


Figure 7. Circuits for microampere (null current) recorder 
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B—Circuit with filtering and damping components added 
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type has been found by Dieke to work — 
well with photomultiplier tubes for the 


the recorder the dark current of the 
photomultipliers shows up and should be 


is to be justified. 


Ratio Recorder 
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swell to the study of the intensity of 
spectrum lines and their variations 
‘, arising from all causes. For spectro- 


ws Figure 8. Rees curve 4 the microampere recorder to a suddenly 
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balanced out or subtracted from the 
readings, if the use of these low ranges 
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direct intensity measurement of spectrum hence good sensitivity. C 
lines. On the lower current ranges of Ris 25,000 ohms so that the naa al 
full scale ratio I,/I¢i8 0:25 Ot 
can be read by switching the “Ayrton! 
shunt ratio multipliers. : P 

The high valued resistor Ry balances i 
the recorder slightly on scale for J, = 0, ; 
which is of value when looking for small 
amounts of dark current. Conventional — 
methods of doing this were not applicable _ 
Bett, The microampere recorder is suited because of the common terminal at bat- 
tery + for Ve and I,. 

Filtering for the signal I, is done as 
already described. In order that the 
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graphic analysis, it is desired to measure 
the variation resulting from change of 
composition of the specimen being 
sparked and to suppress variations from 
all other causes. A big step in this 
direction is to measure the ratio of the 
intensity of two spectrum lines, 

Figure 9A shows in simplified form 
how a slidewire type of recorder can be 
adapted to measuring ratio. If the fixed 
resistor equals the slidewire, then the 
ratio I,/I, is read directly as the frac- 
tional position of the slidewire. 

Several experimental recorders have 
been built using this basic circuit, to- 
gether with a detector and balancing 
system about the same as that already 
described. 
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Figure 9. Circuits 
for the ratio recorder 


A—Basic circuit 

B—Circuit with fil- 
tering and damping 
camponents added 


Figure 10. Response curves of the ratio re- 
corder 
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Radar System: 
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- 
development, the radar art has passed 
quickly through the general practitioner 


ag 


_ stage into the stage of many specialists. 
Today there are a dozen or more highly 
} developed fields of specialization, all 
essential to the development of a new 
radar system. Each of these fields has 
its ‘own basic science foundations and its 
« engineering technology, and as soon as 
security conditions permit, each will have 
_ its own literature. To tie these several 
' fields together calls for systems engineer- 
_ ing and planning. The over-all charac- 
_ teristics and performance of a radar sys- 
tem are dependent both on the excellence 
4 of the component parts and the nicety 
with which they are fitted together to 
_ perform the desired function. It is the 
_ purpose of the present paper to discuss 
_ some of these systems engineering con- 
‘siderations, with examples of practical 
solutions that have been found, leaving 
to the specialists in the several fields the 
more detailed and exact exposition of 
their respective arts. 


There have been many technical work- 
ers in this broad field, and both in Eng- 
land and this country they have enjoyed 
full interchange of technical information 
so that each could use the building blocks 
of the other as well as those of his own 
design. This makes it exceedingly diffi- 
cult to recognize and give credit to the 
sources of specific contributions, and the 
present paper will not attempt to do so, 
Most of the illustrative solutions shown 
are the product of Bell Telephone Labora- 
tories, but it is freely admitted that 
many of the basic ideas entering into 
these designs may have originated else- 
where. In particular, the Bell Labora- 
tories worked very closely in this field 
first with Army and Navy laboratories 
and later with the Radiation Laboratory 
of the Massachusetts Institute of Tech- 
nology, and in all cases there was the 
freest interchange of technical material. 
It is therefore a pleasure for us to recog- 
nize and acclaim the splendid research 
and development work that was done at 


a 
- 
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these laboratories, even though specific 
recognition of their contributions seems 
impracticable at this time. 


Antenna 


The alpha and omega of a radar system 
are its antenna. This is true in a literal 
radiation sense. It is also true in the 
sense that the antenna was usually the 
first part of the system to be blocked out 
in plan and the last part to be completely 
frozen in design. This antenna problem 
is familiar to radio engineers, but in 
modern radar where the same antenna is 
used both to transmit and receive, its 
characteristics have an even more pro- 
found influence on the performance of 
the system. The simplest radar antenna 
resembles a searchlight in that it consists 
of a suitably shaped reflector illuminated 
by one or more sources of electromagnetic 
energy. Ifthe reflector is a paraboloid of 


NORMALIZED RANGE 
30 40 
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revolution with the source at its focus, the 


radiation is of the single lobe or beam 


variety in which the angular width of the — 


beam is inversely proportional to the 


diameter of the reflector and directly _ 
proportional to the wave length of the 


radiation. While such a beam antenna 
has been extensively used, many of the 
more recent radar systems have de- 
manded more specialized radiation pat- 


terns. For example, in airborne search 
and bombing radars, a fan-shaped beam . 


has come to be considered optimum. At 


any one position, such an antenna illumi-— 
nates a narrow wedge of the terrain be- 


low, extending, ideally, from the point of 
the terrain vertically beneath the plane 


out radially to the maximum effective 


range of the system. The design objec- 
tive here is to produce as narrow a beam 
as possible with a vertical pattern such 
that substantially equal signals are re- 
ceived at all ground ranges. This re- 
quires that the effective voltage be 
approximately proportional to the square 
of the cosecant of the vertical angle 
measured downward from. the horizon. 
A more recent and as yet unpublished 
study of this problem has indicated that 
some modification of this cosecant squared 
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Figure 1 (above). 

Vertical antenna pat- 

tern (airborne radar 
system) 


Figure 2. Oscillo- 

scope picture of 

Cape Cod _ from 

19,000 feet (range 

circles are spaced at 
five miles) 
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Figure 3.'\ Vertical antenna pattern in free space (land-based search radar system) 


formula may be advisable. In any event, 
the fair approximations to the ideal that 
it has been possible to achieve in actual 
design give satisfactorily uniform ground 
illumination. For example, the vertical 
pattern of the final stage of antenna evo- 
lution of a radar set used for search and 
bombing purposes in B-29 planes is 
shown as Figure 1. Figure 2 shows that 
quite satisfactory uniformity of ground 
illumination was achieved by this vertical 
pattern. 

Other variations on antenna pattern 
include beams very much sharper in 
azimuth than in elevation for airplane 
search purposes and the reverse for height- 
finding purposes. One of the latest re- 
finements here is illustrated by a typical 
vertical antenna pattern of a recent land- 
based air search antenna, as shown in 
Figure 3. In this case, in order to get 
high angle coverage, something approach- 
ing the cosecant squared pattern is 
achieved, the vertical angle being meas- 
ured upward rather than downward 
from the horizon. 

In general, land- and ship-mounted 
radar sets used to search the horizon for 
either ships or planes must take account 
of the fact that the intervening land or 
water surfaces reflect that part of the 
radiation directed below the horizon. 
Combination of the direct and the re- 
flected waves produces a characteristic 


Figure 4. Vertical coverage chart (land-based 
radar system at a low site overlooking water) 
'45 
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interference pattern in the vertical plane: 
greatly extending the range of the radar 
system at certain elevation angles and 
correspondingly reducing it at inter- 
mediate angles. A typical vertical per- 
formance or coverage chart of a light 
early-warning system is shown as Figure 
4. In this case the beam in free space is 
fan-shaped with a horizontal width of 
about 3.5 degrees. The horizontal pat- 
tern is not greatly affected by the surface 
reflection, while the vertical pattern 
shows the very sharp lobes resulting from 
direct and reflected wave interference. 


Frequency 


Since the whole trend of radio develop- 
ment in the past two or three decades has 
been toward shorter wave length and 
higher frequency, it is not surprising that 
the same trend should have characterized 
radar development. In the case of radar, 
however, there were considerations over 
and above those applying to radio, which 
put a large premium on higher frequency 
and shorter wavelength. This is because 
radar is essentially a seeing and measuring 


Figure 5. Effect of 
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tional to the wave length, 
being equal, so that as the b 
through an angle, its ability tc 
nate between two near 
objects is an inverse function of 
width. The above assumes that th 
objects are at equal range. If, on th 
other hand, they are on a line with the 
radar antenna but at unequal range, the 
ability of the radar set to discriminate 
between them is an inverse function of | 
the pulse length. It follows from the 
above broad reasoning that each radar set 
will be characterized by a figure of con- 
fusion in space, the cross-section of which — 
is directly related to the beam height and : 
width and the depth of which is directly — 
related to pulse length. Within this 
figure, multiple reflectors will appear as ? 
one. Reflectors that cannot be encom- — 


passed within such a figure of confusion, — 


on the other hand, would be resolved. 

Actually, certain characteristics must be — 
met in other parts of the radar system, — 
notably in the intermediate-frequency — 
(hereafter referred to as i-f) and video 

amplification and in the cathode ray tube — 
properties, in order to realize the theo- © 
retically possible discrimination provided — 
by the radiation system. It is quite 
practicable, however, and in fact common 
practice, to design the rest of the system 
so that the discrimination of the radiation 
system is limiting. Since, with fixed 
antenna size, beam width is directly pro- 
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"portional to wave length, it follows that. 

_ to achieve high resolution or high dis- 
crimination, radar had a very special 
reason for seeking higher frequencies and 
_ the same reason for preferring shorter 


absorption by gaseous components of the 
atmosphere. If this restriction proves - 
real and permanent, it appears that the 
useful free space spectrum has now been 
explored and, in fact, is rapidly being ~ 


| pulse lengths even though the latter, in 
general, meant a sacrifice in range. 

Actually, early radar sets made the best 
_ use of prewar technology and employed 
_ wave lengths down to about one meter. 
In four fairly discrete steps, this wave 
_ length was reduced successively to bands 

in the neighborhood of 40, 10, 3, and 1 
centimeter. This change was accom- 


conquered and settled. 


Transmitter. 


The two principal elements of the 
transmitting system are the radio-fre- 
quency oscillating tube and the source of 
high-voltage pulses, variously called a 
keyer, modulator, or pulser. It is the 


Figure 7. Magnetron input current delivered 
by hard tube modulator 


3/, usec, 800 pulses per second 
Magnetron current=4.5 ma average 


panied by the use of shorter and shorter function of the latter to deliver to the =14 amp peak 
pulses so that the over-all effect of the oscillator tube square-topped spurts or ise Hine =0.03 psec 
development was to decrease the volume pulses of very high voltage of the order abs ieee =0.42 usec 
ulse scale 


_ of the figure of confusion by about five =0.07 usec per division 


_ orders of magnitude, two each for height 
_ and width and one for depth. As in so 
_ many other trends of this kind, these 
advantages were not gained without 
penalties. In fact, in the case of the Two basic methods have been used to 
_ shortest wave length mentioned, atmos- form the microsecond pulses: 
_ pheric absorption and raindrop interfer- 1. 
ence get to be such serious limitations as 


of a microsecond in length and spaced of 
the order of a millisecond apart, these | 
specific values varying over considerable 
ranges according to the specific purposes 
of the radar equipment. 


Short-circuiting or open-circuiting a 
charged artificial transmission line, often 


to appear to restrict this and shorter 
wave lengths to only very special uses. 
Figure 5 shows the relation of attenuation 


called a pulse network. 


2. Creating large-voltage surges by driving 
a magnetic circuit into the region of satura- 


tion. 


_ to precipitation at different wave lengths, 


and Figure 6 shows the effect of energy In connection with 1, the switches used to 


Figure 8. Magnetron frequency spectrum 
(scale =10 megacycles per division) 


Figure 6. Effect of wave length on attenuation caused by gases in atmosphere 


open- or short-circuit the charged pulse 


j LOSS DUE TO WATER, VAPOR AND 
rete 4 network have been 


OXYGEN 
—=— LOSS DUE TO H20 oF 7.5gm/m3 
LOSS DUE TO Oo IN ATMOSPHERE 1. High-voltage vacuum tubes. 
2. A spark-gap discharge either of the 
open air or enclosed type. 


3. The hydrogen filled thyratron. 


Since these several forms of modulators 
will be described in detail by others, 
suffice it to say here that all of them were 
applied extensively in operating systems, 
with recent design tending toward a pref- 
erence for the hydrogen thyratron. 
During the brief interval of the pulse, 
powers ranging up to the order of a mega- 
watt may be delivered by the pulser. 
Since the particular combination of cur- 
rent and voltage put out by the pulser 
may not be that required by the oscil- 
lator, it is common to interpose a pulse 
transformer, the function of which is to 
step the voltage up or down to the desired 
level. In some radar systems, a trans- 
mission line is required between the pulser 
and its associated transmitter, in which 
case pulse transformers may be required 
at each end of the line. A typical oscillo- 
gram of the magnetron input current as a 
function of time, delivered by a hard tube 
modulator used extensively in airborne 
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systems, is shown i in Figure 7, The fre- 
/ quency spectrum produced. by this pulse 
is shown on Figure 8. 

Various forms of more or less conven- 
tional triodes found application as trans- 
mitting oscillators in the earlier longer 
wave radar sets. In this class of tube, 
time of.flight of electron from cathode to 
plate must be short compared with the 
signal period—an increasingly serious 
limitation as the art moved into -the 
microwave range. Velocity modulation 
tubes avoid this limitation in a sense by 
making use of the electron stream in 
flight. A particular form of velocity 
modulation tube, the cavity magnetron, 
has virtually monopolized the transmit- 
ting oscillator role in the more modern 
systems. In fact, its adaptation to very 
high power, very short pulse operation, 
and its very high frequency stability 
make it ideally suited to this purpose. 
In earlier forms, the magnetron was a 
fixed frequency device, but more recently 
external means of tuning over a moderate 
range have been devised and applied in 
practical design. While the frequency 
of the cavity magnetron is largely con- 
trolled by its built-in cavity construction, 
it is, of course, necessary to couple the 
oscillations in the internal cavities with 
the output line, and the reaction on the 
magnetron of this coupling imposes some 
neat problems of system design. As the 
antenna scans, the impedance facing the 
Magnetron varies on account of varying 
reflections from discontinuities such as 
rotary joints in the output line to the 
antenna. These effective impedance 
changes, reflected back into the mag- 
netron through its output coupling, tend 
to modulate or pull the frequency of the 
magnetron. Maximum power output 
calls for tight coupling between the 
magnetron and its antenna system, but 
such tight coupling in turn accentuates 
this pulling effect. In addition, there is 
a “‘long line’”’ effect which causes an im- 
pedance irregularity to be more serious 
the longer the transmission path between 
it and the magnetron. Practical system 
design makes it necessary to take all of 
these factors into account and to tailor 
the characteristics of the magnetron to 
the degree of smoothness and excellence 
it is practicable to achieve in the radio 
frequency transmission system. 


Duplexer 


One of the most important practical 
contributions to radar design was the 
development of duplexer methods making 
it possible to use the same antenna for 
both transmitting and receiving purposes. 
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Since the outgoing radar pulse occupies a 


very small fraction of the time, charac- 
teristically about one-tenth of one per 
cent, a switch which would associate the 

- transmitter with the antenna during this 
brief interval and then disconnect the 
transmitter and connect the receiver 
during the relatively long silent interval, 
was called for. Since the total cycle, 
however, was only of the order of a milli- 
second, a very fast switch was required. 
In practical design, a gas-filled “TR” 
tube was almost universally used for this 
purpose. It is obvious that the require- 
ments that this tube protect the receiver 
during the very high power transmitting 
interval and that it recover rapidly 
enough to admit echoes from nearby 
targets and thus achieve the desired 
minimum range for the system made it a 
very important element. Figure 9 shows 
the transmission characteristics of a 
typical ‘‘TR”’ tube assembly as measured 
in the transmit and receive paths over one 
complete pulse cycle. 


Receiver 


From our present point of view, the 
most significant elements of the radar re- 
ceiver in order in the circuit are the beat- 
ing oscillator, the detector, the i-f ampli- 
fier, followed by a second detector and 
video amplifier, and finally the display 


MAGNETRON 


System, While see one of thibat ‘ind 
ments has its own peculiar art, there are 
certain broad systems considerations. 
For the early long wave length radar 
sets, beating oscillators were of the more 
or less conventional triode construction. 
In fatt, one very special triode, the so- 
called lighthouse tube, has been used as a 
beating oscillator up into the microwave 
range. As in the case of transmitting 
oscillators, velocity modulation has been 
the key to the design of most of the re- 
ceiving or beating oscillators used in 


OO 


microwave systems, and for the most — 


part, these have been of the single-cavity 


built-in type. The earlier forms had ~ 


fixed or manually tuned cavities and be- 
yond this, were tunable within a fairly 
narrow range by adjustment of the 
voltage of the repeller electrode. 
only was this voltage adjustment used 
for narrow range manual tuning of the re- 
ceiver to its transmitter output, but 
automatic frequency-control circuits em- 
ploying an intermediate frequency-dis- 
criminator circuit were devised which 
regulated the repeller voltage at the 
proper value for reception of echoes of the 
transmitted pulse. These automatic fre- 
quency-control circuits were not without 
their difficulties, but various improve- 
ments were introduced so that those 
embodied in most recent systems were 
quite stable and satisfactory. A typical 
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Figure 11. Beating oscillator electronic tuning 
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" velocity-modulated cae eecalator with ft 


- built-in cavity is shown as Figure 10, and 
the relationship between frequency ’ and 
repeller voltage is shown as Figure ie 
More recently, thermal means of con- 
trolling oscillator cavity size have been 
devised, the heating effect being regulated 
by a control voltage. A typical relation- 


ship between this thermal control voltage 
and: oscillator frequency is shown in — 


Figure 12. Where thermal control of this 
type is available, automatic frequency 


- control may be built around it rather than 


resorting to repeller voltage control as in 
the earlier systems. 


First Detector (Converter) 


_In a radar system, the selection of fre- 
quency is based among other things on 
the noise figure available in the receiver. 
The input circuit of the receiver is the 
low-signal level point of the system, and 
the problem here has been to achieve the 
greatest possible freedom from noise. 
The longer wave radar receivers employ a 
combination of vacuum tube pre-ampli- 
fier and detector to achieve the best noise 
figure. In general, however, crystal de- 
tectors of the fixed cat’s-whisker-on- 
silicon type have been almost universally 
used at wave lengths of about 30 centi- 
meters and less. Figure 13 shows a com- 
parison between the noise values of the 
lighthouse tube as an amplifier or detec- 
tor, and the crystal-type detector. A 
great amount of development work has 
been done on these crystals, with the re- 
sult that a uniform product has been 


achieved within a few decibels of the 


theoretical resistance noise limit. While 
the crystal is not strictly frequency- 
sensitive, optimum design calls for differ- 
ent crystal units for the different fre- 
quency bands. Means must be provided 
in the system to protect the crystal from 


Figure 13. Effect 
of wave length on 
receiver noise 
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echoes of intermediate frequency reat ; 


on a number of factors, including signal- 


- to-noise ratio and band width. About 90 


decibels of i-f gain is required with a band 


width of from one to ten or more mega- __ 


cycles. Since resistance noise’ (power) is 


‘proportional to band width, the early 
tendency was to make i-f amplifiers as 
narrow as possible consistent with the — 


pulse length to be accommodated. In 


more recent systems, there has been a 


trend toward wider band receivers as a 
means of sharpening up the picture. 
While, for example, a one-megacycle i-f 
system followed up by a one-half- -mega- ° 
cycle video system would be expected to. 
give approximately the optimum signal- 
to-noise ratio for a radar set employing a 


pulse of about one microsecond, it has 


been found in certain types of display that 
considerable advantage can be had by 
widening the band by a factor of as much 
as five. In such cases the increased noise 
is more than offset by the greater sharp- 


ness of the signal and by the finer grain — 


structure of the noise. 

Actually, most of the i-f amplifiers 
have been designed around a frequency of 
either 30 or 60 megacycles, but it would go 


beyond the scope of the present paper to | 


discuss the relative uses and advantages 
of these two intermediate frequencies. 
Great progress has been made in achiev- 
ing very low noise amplification and in 
producing the desired gain and gain fre- 
quency characteristic with a minimum of 
tubes and other components. The de- 
velopment of the 6AK5 high figure of 
merit miniature pentode was a great boon 
to if amplifier designers. Figure 14 
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Menace redone: which would de- ‘ is a 


ae 


attached shows an i-f strip | pai yee 


6AK5 tubes and giving a gain of 65 deci- 
bels at a band width of 13.5 megacycles, 


centered at 60 megacycles. The design 


of the second detector and video ampli- 


fication circuits is closely related to the 
television art and perhaps deserves no 


further comment in this paper. 


Display Circuits 


The cathode ray tube has been sub- 


stantially without a competitor for radar — 


display purposes. A variety of display 
techniques has been developed, and a 
variety of cathode ray tubes of several 


‘sizes and of several different phosphors 


has been developed to meet the needs of 
radar systems. Rather than trying to 
tabulate these several varieties and their 
uses, the systems problem will perhaps 
be best illustrated by taking one of the 
most important combinations and ex- 
amining its characteristics in relation to 
over-all performance. For this purpose, 
we choose a high-persistence so-called 
cascade phosphor and operate the tube as 
a plan-positon indicator in which each 
sweep is radial from the center to the 
outer edge and the direction of the sweep 
rotates like the spoke of a wagon wheel, 


at any instant the direction corresponding 


to the direction in space of the scanning 
antenna. The beam is intensity-modu- 
lated by the video signal, and the radial 
sweep is timed to correspond to the out- 
ward sweep in space of the radar pulse. 
In such a display, therefore, signals are 
shown on the face of the tube in their 
plan position relationship in space, the 
center of the tube normally corresponding 
to the position in space of the radar set. 
Here, again, the problem is not unlike 
that of a television receiver scope except 
that in the plan-position indicator type of 
display, a different scanning system is 
employed. In most recent systems, a 
permanent magnet focusing mechanism 
has been employed, the principal ad- 
vantage being stability of adjustment and 
economy in the use of rectified power as 
compared with the earlier electromagnetic 
focusing scheme. To produce a wagon- 
spoke rotating beam needed to follow an 
all-around-looking antenna, best results 
have been achieved by placing an electro- 
magnetic sweep coil around the neck of 
the tube and rotating the coil in syn- 
chronism with the scanning antenna. 
Gain, intensity, and focus controls paral- 
lel closely those found in television prac- 
tice. It should be noted here, however, 
that special features such as facilities for 
expanding desired portions of the picture 
or stabilizing the picture against motions 
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of the mother plane or ship have been de- 
vised and afford very important im- 
provements in certain display systems. 
Methods also have been devised for dis- 
criminating between fixed and moving 
targets. These methods are of great 
importance in search systems where 
echoes from distant planes tend to be 
masked by permanent echoes from 
mountains or other features of the ter- 
rain. 


Fire Control Radar 


The above discussion deals primarily 
with radar as a search device. Many of 
its most important military applications, 
however, go beyond this search or seeing 
function to the more precise measuring 
function of fire control. In general, a 
radar fire control system must perform the 
following functions: 


1. Precise three-co-ordinate location and 
tracking of the present position of the target. 


2. Prediction of the location of the target 
at some future time, for example, the time 
at which a projectile would cross its path. 


8. Generation of control orders, such as 
signals, to train and elevate the gun, set the 
fuse, and, in general, control the fire. 


4. Servo systems for carrying out these 
orders. 


When the fire control system is located on 
a plane or a ship, these problems are 
greatly complicated by the motions of the 
mother vehicle, calling in turn for stabi- 
lized reference systems and much other 
gear, 

Automatic tracking is achieved by one 
or another form of lobe switching in which 
the antenna beam is rapidly switched 
back and forth between two angular 
positions and the target is centered be- 
tween these positions by making the two 
received echoes equal, In fact, a servo 
system having as its input the echoes re- 
ceived from the two lobes can then be 
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made to drive the antenialcom a veut 
where the two echoes are equal, and thus 
continuously adjust the antenna to such 
a position as the source of the echor moves. 
A variation on lobe switching in which the © 
antenna conically scans, makes it possible 
to center the antenna in both azimuth 
and elevation and similarly uses two - 
servo systems to track automatically in — 
both dimensions. Automatic tracking — 
in range involves a different technique. 
For this purpose, it is necessary to build — 
into the radar a range unit producing a _ 
variable range pip or marker which may 
be compared with the range of the incom- 
ing signal. Here again it has been possi- 
ble to make this range tracking automatic 
by employing a servo system which \ 
drives the range unit up or down under ~ 
control of a voltage representing the 
deviation of the indicated range from the 
actual range. The same servo drive can — 
be used to drive a shaft or potentiometer 
to give an output angle or voltage pro- 
portional to range. By resorting to pre- 
cision methods, radar sets have been de- 
vised which not only track automatically 

in all three dimensions but which deliver 
present position information continu- 
ously to a computing system to accuracies 

of a few mils in angle and a few yards in 
range, this without the target ever being 
visible and, in fact, without human 
assistance once the radar equipment is 
locked on the desired target. The art, 
based fundamentally on feedback ampli- 
fier theory, of producing servo systems 
that are tight enough to give the desired 
speed and accuracy of response and at the 
same time stable over the operating range 
has been adequately treated elsewhere. 


ee 


Computers 


As it is the purpose of this paper to deal 
primarily with radar systems, any de- 
tailed discussion of computers would be 
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out, however, that association with com- 
puters in a fire control system has a pro- 
found effect on the requirements to be 
imposed on the radar system proper. A 
4 more detailed consideration of one par- 
ticular combination of radar and com- 
_ puter would illustrate this point. In a 
_ radar bombing system, fire control be- 
4 comes bombing plane and bomb control. 
: The computer, as before, has as inputs 
_ present-position information about the 
target. It must predict the future posi- 
tion of the target, the time interval being 
_ that required for the bomb to fall from 
- the plane to the ground. The fire control 
_ orders in this case are directions to the 
- pilot or to the automatic flight control 
equipment as to the proper course for the 
bombing plane and directions to the 
bomb release mechanism as to the instant 

in the plane’s flight at which the bomb 
should be released. Such a computing 
mechanism must also be given as inputs 
the altitude of the plane and the ballistic 
characteristics of the particular bomb to 
be dropped. These are either previously 
known or separately determined and set 
into the computing mechanism in ad- 
Vance. Here again a great amount of 
development work has been done to 
improve the practicability and accuracy 
of the system and to make the best use of 
the not too adequate radar data avail- 
able. The complexity of the problem 
and of the equipment required to solve it 

is perhaps best indicated by the photo- 
graph, Figure 15, of a bomb sight com- 


; Repond its s steps. _ It is pertinent to point 
4 
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Figure 15. 

puter used with air- 

borne — bombing, 
radar 


puter developed and introduced in radar 
bombing shortly before the termination 
of hostilities. Without attempting to 
explain the mechanism, suffice it to say 
that this computer performs the following 
operations: In association with a radar 


system displaying before the bombing © 


operator a plan-position indicator type of 
“map”’ of the target terrain, the operator 
tracks by centering electronic range and 
azimuth markers on the “‘target.”” This 
tracking process not only feeds present 
position into the computer but at the 
same time enables the computer to deter- 
mine the essential forward and transverse 
rates of the plane. Into the computer 
will previously have been set the ballistic 
constants of the bombs to be dropped. 
The height of the plane above the terrain 
will have been determined by a prior 
range tracking on the nearest ground re- 
turn which would come from that verti- 
cally beneath the plane. Using these in- 
put data, the computer will predict the 
future position of the plane at an interval 
equal to the time-of-fall of the bomb; it 
will set up steering orders, either to the 
pilot or through the automatic flight con- 
trol equipment, to move the plane into 
the correct position and heading; and it 
will give a bomb release order or control 
signal to operate the release mechanism 
at the correct instant. In the particular 
equipment shown, the computations 
assume level, steady flight, a limitation 
which it would require considerable addi- 
tional gear to remove. This computer 
does, however, afford one very important 
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Com- 


¢ ’ a 6 


additional facility, namely that of offset — 
bombing. Because of the coarseness of — 


radar data, information about. the terrain 


is at best not too good. Certain land- 
marks do stand out sharply, and the geo- 
graphical relation of these to strategic Ff 


targets may be known or determined by ‘ 


reconnaissance. The ability to track a. 


_ radar landmark and bomb a target 


known range and azimuth offset from the 
tracking point greatly increases the 
flexibility of the equipment. The com- 
puter shown provides this feature, so that, 
having set in known offset co-ordinates, 
the operator proceeds as though to bomb 
the aiming point, the computer making 


- the corrections and actually directing the 


attack against the target. 


Radar bombing systems cover a wide 
range of weight and complexity and 
require nice judgment to reach a fair bal- 
ance between such factors as operating 
facility and precision on the one hand and 
equipment bulk, reliability, and other 
“price” factors on the other. Enough 
progress has already been made to assure 
that highly flexible and precise radar 
bombing systems will become available 
at a ‘‘price”’ that is in reasonable balance 
with other factors. 


Any discussion of radar systems would 
be incomplete if it failed to touch on the 
all-important question of testing and test 
equipment. Actually, the practical suc- 
cess of radar in the field was largely de- 
pendent on the provision of adequate 
specialized test gear. This was an art in 
itself, the treatment of which is reserved 
fora companion paper. 


This paper will have served its purpose 
if it gives a technical background for the 
more detailed exposition of the many- 
sided art that is modern radar. Security 
will probably continue to limit workers in 
this field in the telling of their story, but 
it will be possible to tell enough to indi- 
cate clearly the truly wonderful advances 
in electronic and related arts that have 
brought radar to its present stage of 
development. 
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__ considerations. 
- proposed on which a limited amount of ex- 
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Synopsis: Certain defects inherent in the 


usual design of wire recorder heads are 


‘pointed out. 


Some defects are of a prac- 
tical nature and one is based on theoretical 
An improved design is 


perience has been obtained. A natural 


_ modification of this design permits level- 
- winding across the record-playback head, 


thus distributing the wear and resulting in 
a head that is virtually self cleaning. 


i ORK with wire recording during 
I the past few years seems to have 
been confined to two general types of 


heads for recording, playback, and erase 
purposes.» These are illustrated to a 


somewhat enlarged scale in Figures 1 


and 2. Figure 1 shows two variations of 
the so-called open type of head in which 
the recording wire runs over a grooved 
pole piece, and Figure 2 shows a closed 
type of head in which the relation be- 
tween the recording wire and the pole 
piece is substantially the same as in 
Figure 1, but in which the exciting coil 
surrounds both the pole piece and the 
wire. 

_ Certain combination heads have been 
developed which combine the functions 
of record and erase in one structure. 
These always use separate gaps for the 
erase and the record operations. Play- 
back is over the record gap. The struc- 
tural modifications seem obvious and are 
not shown. The principal difference be- 
tween a record or playback head and an 
erase head is that the latter ordinarily 
uses a gap of about 0.010 inch, and the 
playback gap for a wire speed of two feet 
per second is preferably about 0.0015 
inch. 

Figure 3 shows the relative record-and- 
playback characteristics for the open and 
closed type heads. A qualitative analy- 
sis of the situation that causes this differ- 
ence between open and closed type heads 
has been given by Holmes and Clark.} 
According to this analysis, the so-called 
stray field is responsible for the irregulari- 
ties, since the phase relation between the 
stray field and the main field depends on 
the frequency and the wire speed. It 
should be pointed out that a closed head 
greatly reduces the effect of stray fields, 
since the leakage flux has to go through 
the coil to contribute any adverse effect 
(on playback). 

Figure 4 is a photograph of an equip- 
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- perimentally the characteristics f ‘al 
types of heads. This is arranged so that 


can be operated from spool to spool. — 


ment that ee een set up te 


it can be operated on a continuous loop of 


wire about 20 or 30 feet long, or so that it _ quer ee 


vision is included for various speeds from 


1.25 to 5 feet per second. The playback 


head is located a few feet along the wire 
from the record head so that in listening 
tests it is possible to get a quick com- 
parison between a few bars of music as 


recorded and as played back. This al-— 


most instantaneous playback is very use- 
ful in collecting data, especially when 
working from spool to spool. 

The first heads used on this equipment 
were of the closed type but in which the 
operating gap wasadjustable. An optical 


system was used that made it possible to 
project on the wall of the room a 150- 
diameter enlargement: of the operating 
gap and the wire traveling through it. 
One of the first things discovered with 


Open type record—playback head 
A—High impedance head with 


magnetic structure 


Figure 1. 


lamineted 


B—Low impedance single lamination head, 
ysed with step-up transformer on playback 


t—+—{ + oo2 


Figure 2. Closed type single lamination 
record—playback head 


Lamination thickness is exaggerated 


Long—Wire Recorder Head Design 


Pro-* | 


ful re Sie 
By lifting the wire a little ; as it 
through the gap and observing the 
larged image on the wall, it was 
termined that at low frequencies it 
no difference where the wire was i 
gap until the wire started to leave 
region between the sides of the groov 
At high frequencies (5,000 cycles), how- 
ever, the smallest motion perceptible in 
the enlarged image on the wall, corre- 
sponding to about 0.0002 inch at the gap, ‘ 
made a difference in playback of about 
three decibels. These tests were made at — 
the playback head, since there was no time © 
lag there between cause and effect. : 
Subsequent experiments show that for | 
high frequencies the effect at the record j 
head may be even more pronounced. . 


It is an unfortunate fact that this mag- — 
netic mud frequently will build up under- 
neath the recording wire, even with sub- _ 
stantial tension in the wire and working 
over a small radius such as one-fourth 
inch. This causesthe actual performance — 
of such a system to be rather uncertain 
above about 2,500 cycles, at least for wire 
speeds on the order of two feet per second. 


By the simple expedient of using suffi- 
cient carbon tetrachloride and using it 
often enough, it is possible to keep the 
grooved type of heads fairly clean. But 
this has caused another sort of trouble, 
since with no lubricant whatever the wire 
may abrade the head sufficiently to cause a 
6- or 7-decibel increase in the noise level. 
This noise level evidently is due to micro- 
phonic action of the head. In such cases 
a drop of oil on the head will bring the 
erase noise level down about three deci- 
bels in the first minute, and another three 
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26, 1945. 


T. H. Lone is senior research engineer, C. G. Conn, 
Ltd., Elkhart, Ind, 
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eth re ak wire will bind in at Heat _ This 
Yy cause repeated breakage of the wire, 
id certainly will introduce a pronounced 
inkyness on account of cold working one 
side of the wire a alt 


_ This also may cause a substantial 
lange in the magnetic quality of the wire 
_the partial loss of any recording then 
on it. Unless the wire is run with an un- 
‘usual amount of tension the curliness 
alone caused by such an accident will pre- 
_ clude further use of that particular section 
of wire. It is true that such things do not 
happen often but they are vastly annoy- 
ing when they do happen. 
This raises a question as to the practica- 
_ bility for home or school use of any head 
_ that depends for its performance on run- 
ae the wire at the bottom of a groove, 
unless some means can be devised to in- 
sure intimate contact between the wire 
and the pole pieces. A suitable method 
“should preclude the possibility of the 
_ binding action just described. The tend- 
-ency of mud to accumulate under the 
wire is a factor that must be overcome 
by eliminating the mud or redesigning the 
_head so it will be easy to clean. 


= 
4 


Magnetic Considerations 


It can be shown (see appendix) that for 
small values of lamination thickness or 
cylinder diameter, the flux penetration is 
less in the lamination. By an extension 
of the idea that the flux penetration is a 
function of the curvature of the surface 
penetrated, it follows that the penetration 
will be even less into a concave surface 
than into a plane surface, and this de- 
crease of penetration will be marked 
particularly when the concave surface has 
a small radius, such as 0.0025 inch. 

These considerations make it appear 

that the conventional head design in 
which the recording wire runs at the bot- 
tom of a narrow groove is not a good de- 
sign magnetically, unless the laminations 
are so thin that skin effect is not appreci- 
able. 

Since satisfactory operation requires a 
biasing magnetomotive force in the record 
gap having a frequency as high as 20 to 
40 kilocycles, the required laminations 
would be around 0.005 thick if of conven- 
tional high permeability alloy, and a de- 
sign that would be satisfactory from me- 
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chanical considerations becomes difficult. 
An alternative solution would be to use 
a low permeability alloy or even powdered 
iron. However, such a step would reduce 
the playback efficiency somewhat, and it 
is not clear that there would be any net 
gain, even if the bottom of the groove 
could be kept clean. 

It is reasonably clear that the magnetic 
requirements for a good record head are 
somewhat opposed to those for a good 
playback head, since in the latter case 
skin effect in the magnetic structure is of 
no importance and a material of maximum 
permeability would be most desirable. 
In the record head any reduction in 
permeability without reducing the satura- 
tion flux density reduces the skin effect 
and therefore reduces saturation effects. 

There is clear evidence of saturation in 
the record head at levels below that at 
which saturation occurs in the wire. 
This is shown by Figure 5A, which is a 
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plot of the playback response versus 
record bias at several record frequencies, 
and on a conventional closed type head. 
The fact that the bias for maximum re- 
sponse decreases as the frequency in- 
creases is a clear indication of saturation 
in the record head. Without saturation 
in the record head all record frequencies 
would show maximum playback at the 
same value of bias. 

Minimum third harmonic distortion is 
obtained at that bias that gives maximum 
low-frequency response, and in other fre- 
quency response curves given here, the 
bias has always been set at the lowest 
value consistent with maximum response 
at 500 cycles. 


New Head Design 
As a result of these considerations it 


seemed worth while to try a head design 
on the order of that shown in Figure 6. 
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We were forced to ‘that Sa iba. while 


experimenting with a record head of the 
same general type but with a groove for — 


the wire to run in and a closed type wind- 
ing. The nlerhece head in this eee 
: 2 “The results ened quite erratic, and 
in running down the cause it was found 


that at high frequencies the playback re- _ 
sponse was eight decibels higher when the 


- wire was out of the groove and running 
across the top of the lamination than 
when the wire was bottomed properly in 

_ the groove. The single lamination used 
was about 0.060 inch thick, the groove 
about 0.030 deep including a shallow V at 
the top, and in operating on a continuous 

— loop the wire frequently would not return 
to the groove after the knot went past. 

‘It was found by using a head of the 
type shown in Figure 6 for record pur- 
poses, that with either an open or a 
closed type of winding it substantially 
duplicated the performance of the con- 
ventional closed type head of Figure 2 
when used with stainless steel wire of 
moderate coercive force (around 175 


oersteds) and usual retentivity. With - 


this type of head (of Figure 6) there is 
virtually no difference between the per- 
formance with a closed type winding and 
with an open type winding. The reason 
for this is evidently the fact that the wire 
leaves the record head in a direction in 
which the magnetomotive force gradient is 
negligible so that it experiences negligible 
demagnetization except that which neces- 


sarily occurs immediately after passing - 


therecord gap. When used asa playback 
head it seems that the so-called stray 
field is quite negligible since the recording 
wire is running substantially tangent to a 
cylinder. See Figure 7A for playback re- 
sponse on closed type head for closed type 
and new open type record heads compared 
on the same loop of wire. 

In recording with the same head on a 
wire that had a coercive force of about 250 
oersteds, it was found that in the high fre- 
quency range the playback response was 
up to 10 decibels higher than with the 
head of Figure 2. In fact, it was so good 
that if the frequency range of interest is 
limited to 7,000 cycles at the upper end, 
there is no point in doing much high fre- 
quency equalizing. Figure 7B shows the 
same sort of comparison as Figure 7A, but 


for wire having a coercive force of 250 


oersteds. 

It perhaps should be pointed out that 
this improvement in high frequency re- 
sponse depends on the production of a 
high coercive force wire. Without this 
there is no appreciable gain at high fre- 
quency except in reliability, and there 
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Figure 6. New design of open type ee me 


that is easily cleaned and magnetically efficient 


may be a net loss of one or two decibels at . 


frequencies on the order of 100 cycles. 

The same construction is applicable to 
erase heads, but in this case it becomes 
important to use a bakelite receptacle 
rather than the brass ring shown. The 
high frequency erase current is sufficient 
to generate substantial heat in the brass 
ring. 


Practical Considerations | 


Experience with this new type of head 
so far has been most instructive. When 


the record gap is filled with soft copper — 


there is a pronounced tendency for metal 
to drag across the gap from the pole 
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critical on account of the wider gap (al Se; 
0.010 inch). 

With a head design in which the operat: - * 
ing part of the head is an element of a 4 
cylinder the possibility of level-winding — 
across the head naturally suggests itself. 
This would result in playing the recording © 
wire back and forth along the length of 
the working gap (the wire crosses the gap 
at right angles) and this would distribute 
the wear and at the same time help keep = 
the working surface clean. Figure 8 
shows an experimental design of such a a 
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_ Figure 8. Experimental model of level-wind 


a head with open type winding 
This has been modified from the design of 


Figure 6 by lengthening the record gap along 


the axis of the cylinder 


head in which the wire plays back and 
forth one half inch as the level-wind 
travels in and out. 

Experimental results to date on this 
level-wind type of head have been com- 
pletely satisfactory. Response data indi- 
cate the same performance as for the head 
illustrated in Figure 6. 


Conclusions 


Certain defects of a practical nature 
have been found in heads of conventional 
design. These defects seem to be in- 
herent in the design of these heads and the 
nature of the problem. 

Improved designs have been tried ex- 
perimentally and their performance veri- 
fied as far as electromagnetic character- 
istics are concerned. 

There has not been time enough for 
the experience that is required to es- 
tablish their practical merit beyond any 
question, but the nature of the change 
makes their practical merit seem very 
likely. 

On the experimental equipment shown 
in Figure 4, a maximum range between 
saturation and erase noise level of 45 
decibels is obtained regularly. This cor- 
responds to a usable dynamic range of 
about 40 decibels. The quality is com- 
parable to vertically eut vinylite records. 

It has been shown quite clearly that the 
new design reduces magnetic saturation 
effects at the record head. It should 
therefore reduce cross modulation effects. 

In those cases in which the level-wind 
feature can be sacrificed, the possibility 
is presented of accomplishing tone con- 
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‘trol in a very simple manner. 
_ be necessary only to taper the playback 
. gap from say 0. 0015 to 0.003 inch and 


shift the recording wire to the wider part 
of the gap to eliminate the higher, fre- 
quencies in the playback. 


Appendix — 


Practical units and inch dimensions are 
used in the work that follows, except that p 
is given in microhms per ‘centimeter cube 
corresponding to usage in tables. Let 


r=radius in inches to cylindrical element of 

radial thickness dr or distance in 
inches from center plane to plane 

element of thickness dr 

r,=outside radius in inches of magnetic 
cylinder or half thickness i in inches of 
magnetic lamination 

u»=relative permeability 

f=frequency in cycles per second 

p=resistivity in microhms per centimeter 
cube 

B=flux density at dr in lines per square inch 

B,=flux density at 7; in lines per square inch 

¢=integrated flux from unit length of pe- 
riphery to center line or plane 

m =0.505(uf/p)'/* 

K=effective flux penetration in inches/- 
1.4(e/uf)'” 

x=mr 

y=mrs/2 


2=2mr 


It can be shown that the differential 
equation of alternating magnetic flux dis- 
tribution into a cylinder is‘ 


a@B 1dB 
- ——2jm*B=0 1 
dr® ee dr aie () 


if the direction of the magnetic flux is 

parallel to the axis of the cylinder. The 

same equation obtains for the penetration 

into a lamination of flux parallel to the 

lamination, except that in this case the 

coefficient 1/r of the first order term is zero. 
For the solid cylinder the solution is 


B=B,(ber y+ j bei y)/(ber tj beiy:) (2) 
For the lamination the solution is 


B=B, (cosh x cos «+ ioe x A ry ee (3) 


cosh x; cos #1+j sinh x, sin % 


The corresponding equations for the 
integrated flux from unit length of pe- 
riphery to the center line of the cylinder or 
to the center plane of the lamination are 


_B {sinh z;++sin 2, —j(sinh 2 —sin 2)] 


2m . cosh z,+cos 4 
(4) 
[ber y: bei’ y:—bei y: ber’ 4; — 
B, j(ber y; ber’ y1:+bei y: bei’ :)] 


ms a/2m ber? ¥;+bei? ; 
(S) 


The equation in Bessel’s functions applies 
of course to the cylinder. 
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B. B, [sinh 2:+sin 2; —7(sinh 2 —sin 2)] 
Sa an 4 ' cosh 21+cos 21 
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(ied 
, . / 
'- Equations 6 and 7 may be divided by Bi- 


Then the absolute value of the right hand 
sides will be the effective flux penetration 


as’a fraction of lialf{Wellamind@eontack= a 


ness, or as a fraction of the cylinder area 
which can be reduced to a radial depth. 
Then the right hand side of the equation 
derived from equation 6 can be multiplied 
by r; to give the effective flux penetration in. 
inches, and this may be divided by 1.4 
(o/pf)'/2 to get a factor K which gives the 
penetration in dimensionless terms. This 
value used for effective flux penetration in 


inches into a thick lamination, 1.4(o/pf)'/? _ 


is equivalent to the formula for penetration 
in centimeters, 3.57(o/uf)'/2, given by 
Steinmetz.?. The net effect of the operations 
described is to divide the absolute value of 
the term in hyperbolic and circular func- 
tions by 4/2. 

By somewhat analogous steps the effective 
flux penetration into a solid cylinder may 


be compared to the Steinmetz formula and 


these comparisons are shown plotted to- 
gether in Figure 9. For values of 2:<2 the 
skin effect is of little consequence, since 
penetration is limited by the size of the 
piece. For 2:>2 the penetration into the 
cylinder is substantially greater than into 
the lamination. 

This difference is' due solely to the curva- 
ture of the convex cylindrical surface and 
by an extension of the same idea the pene- 
tration into a concave surface would be 
substantially less than into the plane surface 
of a lamination. 

This reasoning is entirely valid, but it is 
more satisfactory to approximate the con- 
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Figure 9. Actual flux penetration into a 

cylinder or lamination, or radially outward 

from a round hole in an infinite mass, divided 

by the Steinmetz formula value and plotted 

against z}(=2mr,). Comparison is based on 

cylinder diameter = hole diameter = lamina- 
tion thickness 


TRANSACTIONS 219. 


Size Reduction and Rating Extension of 
Magnetic Air Circuit Breakers 
up to 500,000 Kva, 15 Kv 


R C. DICKINSON 


MEMBER AIEE 


IR CIRCUIT BREAKERS rapidly 

are becoming the standard of the in- 
dustry for voltages up to 15,000 volts and 
for kilovolt-ampere ratings of 50,000 to 
500,000 kva. Their general desirability 
as compared to oil-type switchgear is now 
recognized by most users. 

As has been previously pointed out be- 
fore the Institute, the present trend of air 
circuit breaker development was started 
by the introduction in 1929 of a 500,000- 
kva 15,000-volt circuit breaker based on 
the multiple cold-cathode principle of 
Slepian.'»? It may be noted that this rat- 
ing is today, 16 years later, the highest 
standard rating for self-contained air 
circuit breakers. The original develop- 
ment was followed by successively produc- 
ing ratings down to 100,000 kva at 2.5 
and 5 kv. 

Although large numbers of these mul- 
tiple cold-cathode-type breakers are still 
giving excellent service, this principle was 
found to have certain limitations. There- 
fore, the magnetic deion principle? was 
developed, and it permitted ratings up to 
250,000 kva at 5 kv. 

These ratings of magnetic air breakers 


RUSSELL FRINK 


ASSOCIATE AIEE 


were smaller and simpler than the pre- 
vious types of air breakers and created a 
demand for 7.5- and 15-kv breakers of 
more compact construction. 


The next step in the development of 
the magnetic air breaker, however, was 
not a rush to enlarge the interrupters to 
cover the 7.5- and 15-kv ratings, since 
these were already covered by other forms 
of self-contained air breakers. It was in- 
stead an earnest attempt through research 
and development to improve further the 
interrupting principles so that a breaker 
of more compact construction and im- 
proved characteristics could be offered. 
These aims have now been fulfilled, and 
the magnetic air breakers are now avail- 
able in all ratings up to 15 kv 500,000 kva. 
The 15-kv 500,000-kva unit, while con- 


Paper 46-55, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
winter convention, New York, N. Y., January 
21-25, 1946. Manuscript submitted November 
23,1945; made available for printing December 19, 
1945, 


R. C. Dickinson is section engineer, air circuit 
breaker section, and RUSSELL FRINK is a member of 
the protective devices engineering department, 
Westinghouse Electric Corporation, East Pitts- 
burgh, Pa. 


taining the fundamental faites of the 
_ original magnetic air breaker as presented 
to the Institute by Ludwig, Grissinger, 
and Nau in 1939, 4 has been developed 
and refined until the interrupting capacity 
available in a given space has been more 
than tripled. 


The New Interrupter 


It is reasonable to say that if a certain 
are chute will interrupt a given voltage, 
then by doubling the length it will inter- 
rupt twice as much voltage. This is gen- 
erally true on account of momentary cur- 
rent leakage following current zero, giving 
the effect of a potential divider to equalize 
voltage over the length of the are chute. 
However, consideration shows that in- 
creased voltage rating obtained in this 
way is not economical in floor space. To 
keep the space requirement within desir- 
able limits, the desirable course of action 
was to increase the interrupting capacity 
within a given space. 

It was believed that by making a sys- 
tematic study of all the known factors 
influencing arc interruption in air, each 
factor could be emphasized and co-ordi- 
nated into an optimum over-all design for 
a given rating. 

From previous experience with the mag- 
netic construction, it was decided that the 
general idea of multiple arc-resisting 
plates having V-shaped or tapered slots 
into which the arc is moved showed the 
greatest promise of success. The plate 
type of construction, in general, permits 
practical manufacture with high grade 
refractory ceramic material. As is well 
known, materials of this general class are 


dition at the bottom of the groove by 
studying the radially outward penetration 
of magnetic flux from a hole in an infinite 
mass. It is assumed that a helical mag- 
netizing coil extends through the hole. 
The solution of equation 1 is then 


B=B,(ker y+j kei y)/(ker y:+j kein) (8) 
Since® 

5 hy yker ydy=ykei’y and 

JS.” ykeiydy=—yker’ y 


g=B,(—kei’ y,+j ker’ y:)/+/2mX 
(ker +7 keiyi) (9) 


If we take the absolute values 

kei’? k 
B, \ ei’? y,+ker’? irks Q (10) 
a/2m Y ker* y,+kei? y; <7 


If p=depth of penetration in inches, the 
integrated flux 2177,¢@ can be expressed in 


o= 
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terms of » and mn, or in terms of Q and m, 
so that 


[(n+p)?—n?2) eB =277,B,0/+»/2m (11) 


p=n(—1=V1+20/y) (12) 
Let p;=flux penetration in inches according 
to Steinmetz formula=1/./2m; then 
K =p/ps=y\(—1 = V'1420/y) (13) 

The values of K from this equation have 
been added to Figure 9 to complete the 
comparison. Values of the ker and kei 
functions and their first derivatives have 
been taken from Savidge’s’ table, which 
seems to be about the only one in existence. 
The tabular interval of 0.1 makes possible 
reasonably precise detail for values of 
greater than 0.1, corresponding to 2; greater 
than 0.14. 

It should be understood, of course, that 
for large values of mr;, the actual flux pene- 
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tration in any case approaches that stated 
by the Steinmetz formula. 
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_ The theory of magnetic deionization 


3 has been described before the Institute.4 


Briefly, it consists of moving the arc to- 


_ ward the closed tops of slots in insulating 
arc-resisting plates. 


presence of a strong magnetic field im- 


e parts to the electrons an upward velocity. 
_ They in turn bombard gas particles and 


produce an actual blast of gas perpendicu- 
lar to the arc, which action requires the 


arc continually to ionize fresh gas in con- 
siderable quantities. 
_ is reached, this action continues in a suffi- 
cient degree effectively to deionize the 
_ plurality of short lengths of arc near the 
edges of the slots. 


When current zero 


This theory would indicate that in- 
creased interrupting capacity can be ob- 
tained by increased strength of the mag- 
netic field. While this is a factor, it was 
found that blindly increasing the field 
strength might be detrimental rather than 
helpful. Slot shape, plate spacing, and 


magnetic field strength are interdepend- 


ent and must be co-ordinated for opti- 
mum_results, The design of the interrupt- 
ing unit is most easily approached by 
blending the proper plate structure with a 
strong magnetic field. 

The theory of magnetic deionization 
points out that interruption depends upon 
the rate of deionization at the instant of 


current zero. If some way could be found © 


to control the field so that it would have 
appreciable strength at current zero, the 
interrupting capacity apparently should 
be increased. In other words, if the field 
flux was made to lag behind the arc cur- 
rent, it would have some magnitude at arc 
current zero. On the other hand, an in- 
phase flux is zero when the arc current is 
zero and positive driving forces are, there- 
fore, momentarily absent. Tests proved 
that if the field flux lagged the are current 
by the proper phase angle, the voltage 
limit of a well-designed interrupter was 
increased considerably. 

A phase shift between the magnet flux 
and are current may be accomplished by 
shunting the magnet coil with a resistor. 
It was not possible to predict mathe- 
matically the advantage to be gained by a 
particular phase shift. Therefore, it was 
necessary to make numerous tests to find 
the best. value. However, the resistor 
seemed to be an undesirable appendage, 
and theory indicated that the same result 
could be accomplished with a shading coil. 
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At this position the 


er Such a re was coledldtea to supply the 
same effect as the previously determined 


best value of resistance, and confirming 


r - tests demonstrated that this shading coil 
peice sbrength: By proper eos of 
“composition, high resistance to thermal 
§ shock also can be obtained. 


gave a correct phase shift. In the final 
design, the shading coil consists of a single 
turn around the magnet yoke adjacent 
to the magnet coil so that in operation it 
encloses the total flux. 

Slot shape and plate spacing also are 
important factors in the performance of 
the interrupter, inasmuch as they control 
the motion of the arc through fluid fric- 
tionand restriction, Mathematicalanaly- 
sis is helpful in determining the designs, 
but it is necessary to rely on empirical 
data on account of unpredictable factors 
such as gas temperatures, velocities, etc. 

The fundamental theory of the mag- 
netic Deion breaker states that interrup- 
tion is accomplished by the blast of gas 
perpendicular to an arc held stationary at 
the ends of slots. This blast deionizes the 
arc and establishes dielectric strength. 
In the development of the new inter- 
rupter, it was determined that advantage 
could be taken of the better field and its 
phase relationship by elongating the arc 
exposed to this blast. Therefore, the full 
value of these factors was utilized by off- 
setting the ends of the slots in the plates. 

Referring to Figure 1, one terminal of 
the magnet coil is connected to the upper 
stud. The other terminal is connected to 
the panel-end horn. The coil is intro- 
duced into the circuit by the impingement 
of the are on the panel-end horn and the 
interruption of the short length of arc 
between the horn and the upper stud. 
The extra field strength which has been 
introduced to produce a more efficient 
interrupter gives rise to a new problem. 
All the flux across the interrupting space 
must thread the magnet coil. This means 
that when short-circuit current is intro- 


Figure 1. Schematic 
illustration of a 
500,000 kva 15-kv 


ei MOVING CONTACT ARM 
magnetic interrupter 


& ARCING CONTACT 
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duced into ne coil, a reactance voltage of 
several hundred volts. appears across the 
terminals of the coil, To introduce the 
short-circuit current into the coil quickly — 
and positively against this reactance volt-. 
age requires that an auxiliary or transfer 
interrupter be built into the are chute. 
This interrupter, although very compact, 


_ must perform a duty comparable to that © 


of a high-capacity low-voltage breaker. 
Figure 1 is an illustration of an are 
chute for a 15-kv 500,000-kva circuit 
breaker basedon the above considerations. 
The magnetic structure for this unit con- 
sists of one coil and one magnet. With — 
this type of construction, the magnet 


shoes form a support for the arc chute — ee. 


which makes possible the quick and easy 


removal of the relatively light arc chute _ 


for inspection while the heavy magnet 
remains on the breaker. However, more 
important is the simplification of insula- 
tion problems and the energizing of the 
field simultaneously over the entire inter- 
rupting structure so as to obtain fast uni- | 
form arc motion. 
The contacts are of conventional design. 
In an opening operation, the current is 
transferred from the main current-carry- 
ing contacts to secondary contacts and 
then to the arcing contacts, which are 
protected by inlays of silver-tungsten al- 
loy. When the arcing contacts part, the 
current loop in the contact structure 
causes the arc to expand into the arcing 
chamber. Suitably placed iron draws the 
are into the transfer stack, which inter- | 
rupts the section of arc between the sta- 
tionary arcing contact and the panel-end 
arc horn. The current path is now from 
the top bushing stud through the magnet 
coil, into the adjacent arc horn, through 
the arc in the main interrupting stack, 
and into the opposite arc horn which is 
connected to the opposite side of the cir- 
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_ Figure 2. Progress in magnetic interrupter 
design 
A—A 100,000-kva 5-kv arc chute of early 
ate; .! design 
B—The new 500,000-kva 15-kv arc chute 
Both have ceramic interrupting plates of the 
same width 


cuit. The field is now energized, and 
interruption takes place at the next 
current zero. 

The proper amount of phase shift be- 
tween the current and the field is obtained 
by using a carefully designed shading coil 
placed around the magnet core adjacent 
to the coil. This shading coil also eases 
the duty on the transfer stack by slowing 
the rate of rise of restored voltage across 
it when the transfer arc is extinguished. 

Figures 2, 3, and 4 illustrate some of the 
results accomplished by this development. 
Figure 2 is an outline comparing the 5-kv 
100,000-kva arc chute of an earlier de- 
sign with the new 15-kv 500,000-kva are 
chute. Both use ceramic plates of the 
same width. Figure 3A shows the out- 
line dimensions of the original magnetic 
air breaker for 5 kv and 150,000 kva, 
while 3B shows the current design for the 
same rating, which is also applicable at 
2,300 volts. It will be noted that the 
later design saves considerable depth of 
floor space. Figures 4A, B, and C show 
the relative size of the original 5-kv 
150,000-kva rating, the 7.5-kv 250,000-kva 
rating, and the latest developed design, 
the 15-kv 500,000-kva rating. 

Figure 5 shows a general view of a new 
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Figure 3. Progress in magnetic air breaker — 


design | 
A—An early 5-kv 150,000-kva unit 
B—The current design 
Note smaller depthwise dimensions of the 
later design. Both units are for 26-inch metal- 
clad cell width 


15-kv breaker. In line with the present 
general trend, this unit is designed particu- 
larly for metal-clad switchgear and as 
shown constitutes the complete removable 
element. In this view it will be noted that 
the horizontal drawout construction re- 
sults in an inherently transportable re- 
movable unit with self-contained second- 
ary and ground contacts. This permits 
quick movement to the test position and 
quick reconnection of control circuits for 
testing within the cell. It also permits 
quick interchange of breakers in a cell. 
The location of the main barrier, arc 
chute, and contacts also permits easy re- 
moval and inspection of those parts. 

The arc chute is placed above the con- 
tacts, which is the most natural position 
for it because this position permits the arc 
to be drawn horizontally and moved ver- 
tically upward. With this construction, 
thermal convection assists in moving low 
current arcs into the interrupters. An 
auxiliary air piston may be added to 
speed up interruption of low currents, but 
the breaker can interrupt them without 
its help. 

The component parts of the breaker are 


Figure 4. Progress to 
15-kv magnetic air 
breaker 


A—The 5-kv150,000- 
kva breaker of early 
design 


B—A 7.5-kv250,000- 
kva breaker 
C—The new 15-kv 
500,000-kva magnetic 

e breaker 
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clad horizontal drawout switchgear 


arranged so that the arc chute compart- 
ment can be vented directly to the out- 
side atmosphere, thus completely isolat- 
ing this compartment from the bus struc- 
ture. The 19-inch-long are chute for a 15- 


kv 500,000-kva. breaker is admirably © 


suited for this drawout construction and 
adds further to its inherent advantages in 
the economy of floor space required. 


Tests on the Breakers 


In line with present practice, it is al- 
most needless to say that many full power 
interrupting tests were made in develop- 
ing the new ratings. These tests again 
have demonstrated the ability of the ce- 
ramic arc chute to withstand repeated 
interruptions with low deterioration. 


The breaker was connected across the 
terminals of a 60,000-kva star-connected 
high power laboratory generator, and the 
short circuit was formed by a copper bar 
bolted across the load side of the breaker. 
The generator neutral was grounded 
through a 7-ohm resistance, while the 
short-circuiting bar was ungrounded, 
which is equivalent to a grounded fault 
on an ungrounded system. Currents were 
limited by air core reactors. 

Typical oscillograms are shown in 
Figures 6 to 9. Figure 6 shows a 3-phase 
interruption at 505,000 kva and 13.2 kv. 
Figure 7 shows an interruption at 163,000 
kva and 13.2 kv. Figure 8 is of interest 
in that it shows a single phase interruy)- 
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Figure 5. General view of the new 15-kv 
500,000-kva magnetic air breaker for metal- 
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Figure 6. Oscillogram of 3-phase ungrounded short-circuit interrupting test on 
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15-kvy 500,000-kva magnetic air breaker shown in Figure 5 


tion of 7,300 amperes at 13.2 kv across a 
single pole. 


Figure 9 illustrates, by single phase 


oscillograms, an interesting characteris- 
tic of the new types of magnetic inter- 
rupters. On all tests except those at very 
low currents, when the field is energized 
30 degrees or more ahead of a current 
zero, the breaker will interrupt on that 
zero. 
not likely to transfer to the coil on the ris- 
ing part of the current wave, and the arc 
will remain in the comparatively wide arc 
box at low arc voltage until the current 
has gone through its peak value. Coil 
transfer is then completed, and the strong 
field drives the arc up to the ends of the 
slots at extremely high velocity. At the 
ends of the slots, deionization and inter- 
ruption is accomplished. As shown in 
Figure 9A, this type of interruption, with 
high arc energy released during only a 
small portion of the half cycle, is char- 
acteristic of an interrupter of this type. 
This produces a minimum of heating and 
deterioration in the are chute. As shown 
in Figure 9B, another type of interruption 
is possible, and that is where the field is 
energized fewer than 30 degrees before 
current zero. Ona probability basis, this 
type of interruption should occur in one 
out of six interruptions. Insufficient time 
is available to drive the arc to the top of 
the slots before current zero, and the arc 
must remain there for another half cycle. 
However, the high degree of restriction 
and the loss of ions from the are stream 
on account of the field keep the arc resist- 
ance so high that the current reaches only 
a small magnitude. The are energy re- 
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On the other hand, the current is 
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Figure 8. Oscillogram of single-phase inter- 
ruption at 13.2-kv on single pole of the 15-kv 
magnetic breaker 


leased is not much greater than in the 
previously described type of interruption. 
Throughout all the tests made in this 
development, it was impossible to find any 
differencein interrupting capacity between 
the two types of interruptions. 

The tests described and the oscillo- 
grams shown apply to the 500,000-kva 
15-kv breaker. The same principle of 
interruption has been applied to breakers 
of other ratings, namely, 150,000 kva and 
250,000 kva at 15 kv, and similar test re- 
sults have been obtained. The same 
principle of interruption has been found 
to work equally as well on the currents 
encountered at 7,500 volts, including 
500,000 kva at 6,600 volts and 25 cycles. 


Conclusion 


The principle of magnetic deionization 
has been extended to air circuit breakers 
of the 15-kv class with interrupting rat- 
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Figure 7. Oscillogram of 3-phase ungrounded fault at 163,000 


kva on the 500,000-kva breaker 
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Figure 9. Oscillograms illustrating two types 
of interruption on the new magnetic breaker 
for 15 kv (see text) 


ings up to 500,000 kva. The interrupter 
has been so refined and improved that the 
increase in kilovolt-amperes rating of up 
to 500 per cent has not resulted in undue 
increase in space requirements. The short 
arc chute, 19 inches long for a 500,000 kva 
15 kv unit, has made possible compact 
horizontal drawout construction with all 
its inherent advantages. 
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A New Une Piah Vekaee 
Outdoor Tank-Type Oil Circuit Breakers 


W. F. SKEATS 


FELLOW AIEE 


HE TREND of the past few years 

and studies of future trends indicate 
an oncoming demand for higher interrupt- 
ing capacities and decreased interrupting 
and reclosing times. Today there may be 
relatively few applications which justify 
these more severe requirements, but there 
is every indication that as time passes 
they will become more and more univer- 
sal. : 
A year ago there was described before 
the Institute! a development in tank-type 
breakers which made possible interrup- 
tion of short-circuits up to3,500 megavolt- 
amperes within three cycles in the volt- 
age range from 115 kv to 161 kv with 20- 
cycle reclosing. Field tests were also 
reported? substantiating this performance. 
The present paper describes further de- 
velopments in these breakers, resulting 
in reduced over-all dimensions and in- 
creased convenience in handling, while 
maintaining or improving the desirable 
performance characteristics. These char- 
acteristics have also been realized in an 
interrupter and breaker suitable for opera- 
tion at 230 kv. 

Figure 1 shows the 138-kv breaker. 

From both structural and functional 
standpoints, a discussion of these break- 
ers divides itself naturally into four major 
parts: 


1. The interrupter. 

2. The bushing. 

3. The tank and top frame. 
4. The operating mechanism. 


In order to meet the exacting perform- 
ance requirements of high interrupting 
capacity, fast interruption, and rapid re- 
closure, and at the same time to reduce 
maintenance to a minimum and readily 


Paper 46-20, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
winter convention, New York, N. Y., January 21- 
25, 1946. Manuscript submitted November 26, 
1945; made available for printing December 21, 
1945, 


W. F. Sxeats and E. B. Rretz are with the power 
circuit breaker division, General Electric Company, 
Philadelphia, Pa. 


The authors wish to express their indebtedness to 
many of their associates who materially assisted in 
the development of these breakers. In particular, 
T. R. Coggeshall and J. M. Milne have contributed 
ideas for the solution of the many problems involved 
and have been untiring in following the innumerable 
details which are an indispensable part of such a 
program, 
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make accessible those parts which require 
inspection and maintenance, each one of 
these parts must receive careful attention 
from the designer. This development 
has involved significant improvements 
in all of them. These changes will be 
discussed under the four corresponding 
headings. 


The Interrupter 


As the interrupter is the part primarily 
responsible for the performance of the 
distinctive function of the circuit breaker, 


it is natural that this should receive first. 


consideration. 


A cross-sectional view of the inter- 
rupter of the earlier breaker is shown in 
Figure 2, and a similar view of the new 
interrupter is shown in Figure 3. Figure 
4 shows the new interrupter with separate 
views of the moving system and the re- 
sistor. Figure 5 shows two interrupters 
mounted on bushings with blade, lift 
rod, and guide in place as when assembled 
in the tank. 


The same general principle of inter- 
ruption is used in both designs. Inter- 
ruption is performed by a number of 2- 
break units, each of which consists of 
one break whose primary purpose is to 
generate pressure and a second break so 
located that the arc drawn there is placed 
in the path of a blast of oil forced out 
through properly located ports by the 
pressure generated by the first arc. For 
application at voltages from 115 kv to 
161 kv, two such units are used in each 
interrupter. Thus, starting at the lower 
end, current enters the interrupter on the 
lower stationary contact, passes through 
the elkonite contact tips to the bridging 
contact, and flows from the other end of 
the bridging contact to the lower end of 
the intermediate stationary contact. 
This cycle is repeated in passing from 
the upper end of the intermediate sta- 
tionary contact to the upper stationary 
contact. This path includes four breaks, 
of which those at the lower stationary 
contact and the upper end of the inter- 
mediate contact are located away from 
ports and serve principally the function 
of pressure generation. The other two 
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breaks are immediately adjacent to ports, 


and the arc there is interrupted by the 
blast of oil flowing out through the ports. 

An appreciable reduction in the arcing 
time of the new interrupter has been 
achieved by strengthening the opening 


’ springs on the interrupter to increase the 


speed of its moving parts. The tendency 
to increased pressure associated with this 
change in speed was more than counter- 
balanced by lengthening the arcing plates 
and by using the pressure control ports 
shown in Figure 3. 

The arcing plates function by shorten- 
ing the pressure generating arc. 

The pressure control ports are located 
near the pressure-generating arc, but 
far enough away to be reached by the 
gas bubble only when interrupting high 


The new 138-ky oil-blast circuit 


Figure 1. 

breaker, 3,500-megavolt-ampere interrupting 

rating, 3-cycle interrupting time rating and 
20-cycle reclosing time rating 


currents. Their use was suggested by 
the observation that in operations in 
which a gas bubble might be expected to 
be present in the interrupter, as in the 
second interruption of a reclosing opera- 
tion, the pressures experienced were 
found to be much lower than when such a 
bubble was not present. Thus it ap- 
peared desirable to provide the cushioning 
effect of such a bubble for all conditions, 
and as the high pressures appeared only 
towards the end of the arcing period, the 
most convenient way to accomplish this 
was to allow the lighter pressure in the 
early part of the arcing period to force 
oil out through these ports and thus 
create additional expansion space for the 
bubbles already present at the contacts. 

The effectiveness of this ‘combination 
in achieving both short are lengths and 
low pressures is evident from Figures 6 
and 7, in which are duration and inter- 
rupter pressure, respectively, are plotted 
against current interrupted for both the 
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_ new and the superseded interrupter. It 
will be noted readily that the circled 
_ points, representing the new interrupter, 
show a substantial improvement in both 
respects, with satisfactory performance 
at currents well beyond that correspond- 
ing to the 3,500-megavolt-ampere stand- 
ard rating. 
_ The simplification of the present design 
is obvious from a comparison of Figures 2 
_and-3. The principal changes are as 
follows: 


* 


1. The ends of the interrupters are se- 
cured to the cylindrical herkolite walls by 
means of metal studs. This has been found 
to be quite as strong as the earlier construc- 
tion and results in a very appreciable reduc- 
tion in the diameter of conducting material. 
There is also a substantial reduction in 
weight, which is accentuated by the use of a 
light alloy for the end pieces. 


2. The moving contact assembly has been 
simplified greatly by placing all of the con- 
tact springing immediately below the bridg- 
ing contacts themselves, thus eliminating the 

' mecessity for any additional cushioning 
springs at the bottom of the interrupter. 
This has made possible the use of a simple 
textolite cylinder, which makes an excellent 
guide bearing, at the point where the moving 
part passes through the bottom plate of the 
interrupter. A strong opening spring anda 
buffer spring are placed around this cylinder, 
the one insuring that the moving parts of 
the interrupter move with the breaker cross- 
head to the limit of the interrupter stroke 
and the other controlling overtravel of the 
contacts on the closing stroke. 


te 


Figure 2. Cutaway view of 115-kv—-161-kv 
interrupter of the superseded design 
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Figure 4. The 115-kv-161-kv interrupter 
with additional views of the moving part 
assembly and the resistor 


3. Both the new and the superseded 
interrupter use a parallel resistor for positive 
control of overvoltages in connection with 
the interruption of line-charging currents.? 
The new resistor is shown at the right-hand 
side of Figure 4. It consists of a helix of 
nichrome wire which is wound on a grooved 
board that has its short dimension molded 
into the shape of a circle arc. Protective 
covers are secured to the board. The result- 
ing assembly conforms to the outside of the 
interrupting cylinder and thus requires less 
space than the older resistor. 


4, Additional items that will be helpful in 
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Figure 5. Pole unit assembly of interrupters 
for the 138-ky breaker 


facilitating inspection and maintenance are 
the smaller electrostatic shield at the bottom 
of the interrupter and the elimination of the 
upper insulating shield, both made possible 
by removal of the clamping metal outside the 
interrupting cylinder. 


The interrupter of Figures 3 and 4 is 
used at voltages from 115 kv to 161 kv. 
For application at 230 kv, the interrupter 
shown in Figure 8 is used. This is quite 
similar in principle to the lower-voltage 
interrupter but has three pairs of internal 


Figure 3. Cutaway view of 115-kv-161-ky 
interrupter of the new design 
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Figure 6. Arc duration as a function of 
current for 115-kv—161-kv interrupters 


x—Superseded interrupter, initial opening 
operation 
A—Superseded interrupter, second opening 
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Figure 7. Interrupter pressure as a function 
of current for 115-kv—161-kv interrupters 


X—Superseded interrupter, initial opening 
operation 
4—Superseded interrupter, second opening 
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operation on reclosing duty cycle 
The same symbols enclosed in circles repre- 
sent the new interrupter under the same condi- 
tions 
Tests made on a pole unit at voltages from 14.5 
kv to 132 kv 


4 16 18 286x108 


20 22 24 
operation on reclosing duty cycle 
The same symbols enclosed in circles repre- 
sent the new interrupter under the same con- 
ditions 
Tests made on pole unit at voltages from 14.5 
kv to 132 kv 
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Figure 9. Arc duration as a function of 
current for the 230-kv interrupter 


X—Hhitial opening operation 
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4—Second opening operation on reclosing 
duty cycle 
Tests made at voltages of from 8.4 ky per inter- 
rupter to 132 ky per interrupter 
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_terrupting performance of this interrupter _ 


breaks instead of two. Also, the resistor © 


has somewhat more thermal capacity as 


required at the higher voltage. The in- 


is shown in Figure 9. It will be noted © 
that the arcing time varies from less than 
1/2 cycle to 11/2 cycles at currents above 
25 per cent of rating. With a contact- © 
parting time of 11/2 cycles, this gives a 
breaker-interrupting time of from two to — 
three cycles, or with the conventional 
tripping arrangement, a 5-cycle inter- 
rupting time is easily realized. 

The interrupting performance on line- 
charging currents is indicated in Table I 
for the 115-kv—161-kv interrupter and in 
Table II for the 230-kv interrupter. In 
each case the tests were made on a single 
interrupter or half a pole unit, using 
static capacitors. Since the resistors ef- 
fectively divide the voltage between the 
two interrupters of a pole unit, the normal 
voltage for such a test is half leg voltage 
or 46 kv for 161-kv application and 66 kv 
for 230-kv application. In both cases, 
tests were made at approximately these 
voltages and also at a voltage from 20 
per cent to 33 per cent higher to insure 
adequate margin to take care of surges in- 
troduced by any mutual effect between 
phases. Performance was entirely satis- 
factory in all tests, the voltage being 
limited to twice the crest value before in- 
terruption. An oscillogram of one of 
these tests is shown in Figure 10. 

A comment is in order with respect to 
short-circuit interrupting tests. Under 
uncontrolled conditions of interruption, 
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wide variation, These are: 

Bete short circuit i is initiated. 

P2. The point on the current wave at which 
the breaker i is tripped. a 


With the reduction i in arcing time that 
has taken place in recent years, the in- 


= of these variations becomes accen= 


i to the point where they may be 
~ responsible for the difference between 
four-tenths of a cycle and a complete cycle 
in arc duration, with a very pronounced 
difference in interrupter pressure, jar, 
contact burning, and any other manifesta- 
tion of severity of duty. To be sure of 
covering the worst conditions at any volt- 
age and reactance tap, therefore, either a 
large number of tests must be taken or 
some control must be exercised over the 


timing. For over ten years now, the 


authors and their associates have made 
extensive use of a special fast-closing 
breaker with synchronous control to make 
possible the selection of the point on the 
voltage wave at which the circuit is closed, 
and more recently the same type of con- 
trol has been applied to the tripping of 
the test breaker. Thus it is now possible 


_to control both the displacement of the 


short-circuit current wave and the point 
on the wave at which the contacts sepa- 
rate. It has been the practice first to 
make exploratory tests over the complete 
range of variation of these controls and 
then to concentrate for a number of tests 
on that condition which appears to be 
worst. Thus any other random phe- 
nomena will have an opportunity to show 
up at their worst also, and in a reasonably 
small number of laboratory tests, condi- 
tions may be explored which would not 
appear in many times the corresponding 
number of field operations or uncontrolled 
laboratory tests. 


Bushings 


Oil filled bushings for high-voltage oil 
circuit breakers have an enviable record 
of performance. While the electrical and 
mechanical performance of these bushings 
has been generally satisfactory, numerous 
improvements have been made for the 
purpose of reducing maintenance. The 
sump washer-drain, bell-mouthed 
breather, amber gauge glass, and thermal 
seal are the most noteworthy. In recent 
vears it has become obvious that the next 
step is complete sealing of the bushing 
against the atmosphere so as to eliminate 
completely any source of contamination 
of the filler oil, Numerous designs of 
sealed bushings have been developed, with 
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Table fr 
rupter on Line-Charging Currents 
Tests on One Interrupter 
Equivalent Arc 


Test Voltage, Miles Current, Duration, 


No, Ky of Line _ Amperes Cycles 
TION ee 0.3 
TIO wre..2 0.3 
LID; ita 0.0 
T1O soe ¢ 0.1 
LO fecovatere 0.1 
140)....4%- 0.1 
140 tee 1.6 
P40 Feisteics 1.6 
140 acters 0.0 
140 ic.s0. 1.4 


the moderate voltage type L bushing as 
one of the first. The experience with over 
80,000 of these bushings and varied special 


‘applications of sealed oil-filled bushings 


gave the proper background for develop- 
ing the completely sealed bushings for the 
115-161-kv ratings. 

The completely sealed bushing, Fig- 
ures 11 and 12, uses a general arrangement 
of insulation similar to that of the original 
oil-filled bushings, although a number of 
structural improvements were found de- 
sirable. The insulated conductor is sur- 
rounded by concentric insulating cylinders 
of treated paper of high dielectric strength 
spaced apart so as to give alternate layers 
of solid insulation and oil. These cylin- 
ders are between the live conductor andthe 
grounded support sleeve, Electrostatic 
shielding is incorporated internally in 
these cylinders by coating a part of the 
paper with conducting resin as it is 
wound. This imbedding of the conduct- 
ing shield within the cylinder is a distinct 
improvement over the older method of 
winding conducting foil on the outside of 
the cylinders. 

Center clamping is used to clamp the 
bushing parts firmly together. This 


Figure 10. Oscillo- 
gram of line-charging 
current interruption on 
115-kv-161-kv_ inter- 
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Table Il. Pecounante of 230-Kv Reamer 


on Line-Charging Currents — 
Tests on One Interrupter 
Equivalent ‘Arc 
Test Voltage, Miles Current, Duration, 
No. #£Kv of Line Amperes Cycles 
bh ee (gs Bees 1906-2 A 14059 0.7 
2 Keane B6is «eter WOOD. SS 1405 05085 0.2 
SB renayarens GBs es. .:2 190 es 140 0% ite 0.7 
Pe a es» O66 Lite TPO) Gia 14054 1.0 
Sips 664 aren 100 F524 140 Saree 0.9- 
Bio are 88..... 10.5 1103 Ae 0.9 
Tee enh 8B is hidere TLOT. ee 110;2eoee eZ 
OG otic! BE. ots che LIOR nes LOR SE cies 5 a | 
OCS. 885) cei TON 3 Ocoee 0.9 
LO tae SSe seer TO eee OS ee 0.6 


makes use of the center conductor as a 
means of clamping the lower porcelain, 
ground sleeve, upper porcelain, and ex- 
pansion chamber into an integral unit. 
Adequate clamping pressure is maintained 
on the four gasketed joints even with 
slight differences caused by thermal ex- 
pansion, by means of short heavy com- 
pression springs between the terminal cap 
fastened to the conductor and the top of 
the expansion chamber. ; 

Synthetic rubber gaskets impervious to 
both oil and water are used at all joints.. 
These are confined in appropriate recesses 
in the metal parts. 

Standard circuit breaker or transformer 
oil is used as a filling liquid. Expansion 
space for this medium is present in the 
metal expansion chamber at the top of the 
bushing. The oil level is registered by a 
magnetic-type oil gauge incorporated in 
the expansion chamber and easily visible 
from the ground, as shown in Figure 13. 

The use of center clamping results in a 
reduction in diameter dimensions because 
of the omission of the cemented-on clamp- 
ing rings. This is particularly advanta- 
geous at the lower end because it permits 
smaller current transformers and sim- 


rupter 


A—Trip coil current 

B—Cathode ray oscillograph control 
C—Supply voltage at breaker 

D—Current through breaker, showing initial 
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capacitance current, resistor current, and 
final interruption 

E—Allternator voltage 

F—Breaker travel: one-half inch per impulse 
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Figure 11. 115-kv sealed oil-filled circuit breaker bushing with capacitance tap having 


smaller dimensions resulting from center clamping and removal of cemented-on clamping rings | 


plifications in the breaker top frame con- 
struction. 

Exhaustive tests have been made, not 
only under static conditions but also 
under operating conditions such as the 
loadings that bushings are subjected to 
during the interruption of heavy short 
circuits. Every attempt has been made to 
find failure points under both of these 
conditions. The interrupting tests un- 
questionably subjected the bushing to the 
most severe mechanical loadings. On all 
tests the bushings gave a remarkably 
satisfactory performance. Many readers 
will be interested in a performance com- 
parison between-the new and the super- 
seded designs. The new design has turned 
out to be both electrically and mechani- 


> 
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Figure 13 (above). 
Top of sealed oil- 
filled circuit breaker 
bushing showing ex- 
pansion chamber and 
magnetic type oil 
level indicator 


Figure 2(left). 115-kv 

sealed oil-filled circuit 

breaker bushing in 

cutaway semisection 

showing arrangement 

of porcelains and gas- 
kets 


SIDE DRAIN PLUG 


CONTACT SURFACE 
OF BOTTOM WASHER 


cally stronger than the older oil-filled type. 

An additional feature of the new bush- 
ing is the interchangeability with the old 
design. A long background of inter- 
changeable breaker bushings dictated that 
from a user’s standpoint, the new bushing 
fall into the same pattern. Therefore, 
the mounting bolts and flange gasket lo- 
cations are identical with those of the 
older bushings. The elimination of the 
lower clamping ring has permitted short- 
ening of the bushings by about three 
inches. For replacements, however, a 
suitable spacer can be provided to com- 
pensate for this shortening, and the new 
bushing is available as a replacement unit 
for any oil-filled bushing on older oil cir- 
cuit breakers. 
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Table Ill. Comnaition of New and Old 
Designs Illustrating the Substantial Reduction — 


in Oil Requirements and Loading on 


Foundations — 
a 
Type 
Breaker Rating . New Old 

115 Kv / 

Tank diam., in:.v--..->> = Oe Pty Pry 53 54 

Weight, Ib......0cs sms 36,6005, .%.0 . 39,400 

Oil; waliiahe nae e oe 2 S00t a. cheats 2,420 
138 Kv 

Tank diam; In,..5-5. ae 3 S455 oe 60 

Weight; Ib.caiccsec-2 ea BB i500: occas 47,800 

Olly gals.c.s 32's) eee 2 ANB. 86 toes 2,970 
161 Kv 

Tank diam., in 

Weight, lb.. 

Oil, gal 
230—196 Kv / 

Tank diam, i0; 5 Spacke~ > yf Sree 108 

Weight; Ib.d.0 3 ete 5,000. 5. ares 168,500 

Oil, galas: eames 11250 Sees» 14,000 
230 Kv 

Tank idiati; i144 525.5% SA. cry as 108 

Weight, Tiina. osc mae « LIGOOBseans. o- 180,060 

Oil; gall eo hgete oe S007 tas Se are 15,400 


Tank and Top Frame 


The pole units of the new breakers have 
a number of design features resulting from 
changes in the essential component parts 
(Figure 14). The smaller-sized interrupt- 
ers made a reduction in tank dimensions 
possible. The new sealed bushings with 
smaller lower end dimensions permitted 
smaller bushing current transformers and 
a simplified arrangement of the trans- 
former housing. The increasing demand 
for more 3-cycle breakers made it advis- 
able to design the pole unit linkage with 
this objective in mind. Many of the 
accessories were simplified and relocated 
to facilitate maintenance. 

The smaller size and smooth contours 
of the new interrupters have permitted 
substantial reductions in the sizes of the 
138-, 161-, and 230-kv breakers and at the 
same time have improved their overvolt- 
age performance. Table III shows a 
comparison of the new practice and the 
old. 

The changes in the bushing current 
transformer housings resulting from the 
smaller bushings are quite striking as 
compared with superseded designs. As 
shown in Figures 1 and 14, the smaller 
housing fits within the dome outline so 
that space is available for two current 
transformers per bushing without a special 
design. The conduit connections are 
large enough for the leads of two current 
transformers so that a second set can be 
easily installed in the field. The new ar- 
rangement also makes it possible to re- 
move the current transformers over the 
lower end of the bushings. Thus changes 
can be made without the laborious pro- 
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cedure of removing the bushings. 
new current transformers have all of the 
_ characteristics prescribed by various 


breaker standards. The current trans- 
formers are treated to provide a positive 
protection against water absorption. The 
tops of the transformer housings which 
support the bushings have a special gasket 
atrangement to permit tilting of the 
bushing to obtain proper contact align- 
ment. 

The increasing demand for 3-cycle 
breakers has indicated that the mechani- 
cal design should be basically suited to 
such performance. After several arrange- 
ments had been reviewed, it was decided 
to adhere in general to the straight line 
linkage which has been used successfully 
in breakers of this type for the past 20 
years. But as shown in Figure 15, its 
size was greatly reduced by taking ad- 
vantage of the relatively short breaker 
operating strokes which have resulted 
from a proper analysis of the clearing dis- 
tances needed. A feature of this design is 
the use of low friction bearings which are 
particularly helpful where high-speed 
tripping is required. Gas- and oil-tight 
seals are provided on the main operating 
shafts by means of close-fitting bearings 
with splined shafts and cranks for ready 
assembly. An external indication is pro- 
vided in the side crank box housing for 
determining the proper closed position of 
the linkage. Self-contained oil-filled dash- 
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Figure 14. Cross-sec- 
tion of pole unit show- 
ing relationship of 
component parts: in- 
_terrupters, bushings, 
tank structure, and 
bushing current trans- 
formers 


pots absorb the energy of the moving 
parts at the end of the opening stroke, 
and their adjustment has been greatly 
facilitated by providing a threaded as- 
sembly with a suitable locking arrange- 
ment. 

Operating springs are kept to a mini- 
mum. Lightweight moving contacts and 
pneumatic operation make it unnecessary 
to provide balancing springs for closing to 
offset the dead weight of the moving mem- 
bers. Buffer springs to limit overtravel 
are not required, since this function is in- 
corporated in the interrupter contact 
springs. Opening springs on the rear pole 
unit keep the interphase connecting pipes 
in tension for both closing and opening 
and can be adjusted readily from outside 
of the breaker to obtain the proper open- 
ing speed characteristics. 

Tank supports are used to hold the pole 
unit tanks above the foundation, so that 
complete drainage can be obtained with- 
out any enclosure which would restrict in- 
spection and maintenance of the under- 
side of the tank, as shown in Figure 16. 
This arrangement permits a reduction of 
the size of foundation pads. Side man- 
hole openings as shown in Figure 17 give 
convenient accessibility, and parts for 
installation in the tanks are easily trans- 
ferred. The heavy steel manhole covers 
are supported by hinged joints. Step 
rings on the outside of the top frame and 
on the inside of the tank bottom give a 
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Figure 15. Pole unit Greater nech Blan re 


showing straight line linkage and crank 
housing above operating mechanism _ 


- 


firm footing in spite of adverse weather . 
conditions or the presence of an oil film. 
~The oil level is shown by a float-type 


gauge whose sight glass is easily visible 
from the ground. Each pole unit has an 
emergency vent (Figure 18) built into the 
top frame for protection against perma- 
nent damage to the unit when through 
some unusual circumstances, excessive 
tank pressure is present. This has a flat 
copper diaphragm which is designed to 
rupture at a pressure much less than the 
tank strength. A semaphore indicator at 
the front end of the breaker shows the 
position of the moving contacts at all 
times. The front crank box cover can be 
removed for making adjustments at the 
upper end of the operating rod. The bot- 
tom of each pole unit tank is marked to 


DRAIN DRAIN 
VALVE PIPE 


DOME 
BOTTOM 


Figure 16. Wiew showing tank supports 
which give maximum accessibility for main- 
tenance under tank bottom 


TANK WALL 


Figure 17. Maintenance manhole in side 
of tank provides easy access 
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indicate quadrant positions so that loca- other hand, requ 
tion on the foundation is facilitated. Like- ing time, anda special « 
wise, plumb bob reference points can be © speed trip is necessary. In ot! 
‘used for leveling. kk the two operating mechanisms hay 
‘same characteristics and are bu th = whic 
common parts.- _ (ae Vag _ door. 
The power unit is similar to those pre 
viously described in references 1 and 4 conventional 
and is shown in Figure 20. It consists Figure 21. Th 
of the mechanism frame with closing and nism uses a high-s eed f fl 
tripping linkage actuated by an air piston. ~ trip similar to that descril 
The admission of air to the cylinder is 1 and shown in ree a 22, 
controlled by an electrically operated 
valve as explained in reference 4. Asso- 
ciated with the power unit is a small com- 


Operating Mechanism 


The modern high-voltage oil circuit — 
breaker requires for its operation a large 

- amount of power delivered for a relatively 
short time. The pneumatic type of opera- 

_ tion is well suited to this requirement. A 
self-contained unit on each breaker with 
its own individual air compressor equip- 
ment lends itself readily to application on 
various ratings of breakers whether they 
are new or in the process of modernization. 
The breaker pole unit tank is provided igi. operating mech- 

with mounting brackets for the support anism for a 3-cycle, 
of the housing and itsequipment asshown 90 - cycle - reclosing 
in Figure 19. Electrical connections are 115-161-kv breaker 
no different from those of other types of 
electrically operated mechanism. Power . 
requirements are very light, and standard 
control cables will meet all requirements. 

Reclosing times are constantly becom- ~ 
ing shorter, and the basic design of the 
pneumatic operation should be adapted to 
this requirement. The pneumatically _ 
trip-free mechanism is so adapted. It is 
not handicapped by the relatching time of 
mechanically trip-free designs or any 
complicated arrangement to avoid it. 
With the pneumatically trip-free mecha- 
nism, the reclosing time is a matter of 


-CONTROL PANEL 
POWER UNIT 


Figure 19. A pneu- 


HI-SPEED 
TRIP ARMATURE — 
AUXILIARY TRIP-FREE 
CONTROL VALVE 
COMPRESSOR MOTOR 
CONTROL VALVE 


HEATER. 


The complete unit 
is mounted on the first 
pole unit tank 


AIR RECEIVER ; 


the size of the power unit and the operat- | Aa ci 


ing pressure. It is relatively simple to 

provide for the minimum reclosing times 

without special designs. TO BREAKER 
One of the elements involved in the | 


interrupting time of a breaker is the time 
required to part contacts. A goodly por- 
tion of this is dependent on the unlatching * TRIP ARMATURE 
of the mechanism after the trip impulse is 


GUTPUT 
received. A 5-cycle breaker requires only ag ie "Ceo roe 
a conventional trip coil to obtain the un- 
latching time commensurate with this 

A TOGGLE CRANK 
breaker rating. A 3-cycle breaker, on the 
CYLINDER, 
PISTON 
Figure 18. Assembly of emergency vent FROM AIR 
showing diaphragm which ruptures under ex- RECEIVER 
cessive pressure and cover to direct discharge Figure 20. Cross-section of a 3-cycle pneumatic operating mechanism showing the power 


to ground unit with air control valve and closing and tripping linkages 
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Figure 21. Trip arrangement for a 5-cycle 
_ breaker showing parts on frame for adapting 
high-speed 3-cycle trip 


is assembled directly above the main con- 
trol valve. 


Rating Standards 


A careful examination and analysis of 
the breakers described in this paper indi- 


- cates that there is very little about them 


that reasonably can be changed in order 
to produce a breaker with lower interrupt- 
ing capacity and lower cost but otherwise 
meeting the high standard of performance 
of the breaker as described. This suggests 
the use of only one breaker design and one 
rating for each voltage. This would re- 
duce the number of ratings listed in the 


present American Standards Association 


standards for 115- to 230-kv breakers from 
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13 to 4. The resulting simplifications 
eventually would be of benefit to both 
user and manufacturer. 


Conclusions 


This paper has described a line of out- 
door tank type oil circuit breakers with 
voltage ratings from 115 kv to 230 kv and 
capable of handling all standard interrupt- 
ing ratings at these voltages with liberal 
margins on a 20-cycle reclosing basis. The 
breakers can be adapted to either 3-cycle 
or 5-cycle operation. 

These breakers incorporate improved 
performance, smaller dimensions, and 
lower weight both of the breaker as a 
whole and of many of the parts which re- 
quire handling in inspection and mainte- 
nance. 
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Figure 22. Trip ararrangement for a Speycle 
breaker showing flux-shifting trip for high- 
speed operation wt 


The authors recommend consideration — 
of the reduction of the number of stand- 


ard breaker ratings in the 115-kv—230-kv 


voltage range to one rating for each 


voltage. 
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~Shoran Precision Radar 


STUART WILLIAM SEELEY 


NONMEMBER AIEE 


Synopsis: Shoran navigational radar is 
generally credited with being the most 
precise system of its type devised by man. 
The history of the conception and develop- 
ment of the principles employed, as well as 
a description of the physical make-up of 
the equipment, are of interest. Recent 
military declassification permits the exposi- 
tion of both as set forth in this paper. 


HORAN is the common name for 

Army radar sets AN/APN-3 and 
AN/CPN-2. The equipment is used for 
high-precision position-finding in aerial 
navigation, principally for blind bomb- 
ing and aerial mapping, although several 
other practical applications have been 
suggested. The term Shoran is a con- 
traction of the two words short and 
range. What might at first appear to be 
a slightly derogatory title—in view of 
satisfactory performance out to 250 miles 
—has a logical explanation in the se- 
quence of events prior to adoption of 
Shoran as the semiofficial designation. 
The history of the conception and de- 
velopment of the equipment pre-dates 
that of Loran, the widely used and now 
well-known long range navigational sys- 
tem. Development work on the latter 
was also carried on in RCA Laboratories 
under contract to the Office of Scientific 
Research and Development after its 
original inception by the Radiation 
Laboratory of the National Defense 
Research Committee. The Loran range 
of operation was approximately three 
times that of Shoran. Thus, while 
work progressed simultaneously on both 
in the same laboratory after April of 
1942, Loran was the first to be adopted, 
named, and put into general use by the 
armed services, and the term Shoran for 
the shorter-range, higher-precision de- 
vice followed almost automatically. Ac- 
tually the two are completely dissimilar 
in equipment and operation. The only 
common aspect lies in the fact that each 
is used for aerial navigation. 


History of the Shoran Development 


The history of the development of 
Shoran is the story of a search for ex- 
treme accuracy of propagation time 
measurement coupled with ruggedness 
and reliability of equipment and sim- 
plicity of operation. It can truthfully be 
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said that all of those aims were accom- 
plished without compromising any one of 
them for another. 

So much has transpired since the start 
of war developments that it is difficult to 
transport one’s thoughts back seven 
years to the fall of 1938. At that time, 
war in Europe seemed a possibility but 
was still a year away. The concept of 
pulsed transmitters of radiant energy for 
the purpose of propagation time and dis- 
tance determinations was not wide- 
spread. The term radar was nonexistent, 
and the only generally conceived applica- 
tions of radio to war needs were for com- 
munication purposes or possible remote 
control of guided missiles of one sort or 
another. 

At that time, work on television trans- 
mission and reception equipment was 
proceeding in many laboratories through- 
out the world. One of the knotty prob- 
lems which vexed every television re- 
ceiver engineer was that of multipath or 
“ghost” images which so often marred 
his otherwise creditable results. The 
television pictures in the industry service 
division of RCA Laboratories were no 
exception. The signals received at 711 
Fifth Avenue in New York, N. Y., from 
the Empire State Building often showed 
as many as five separate and distinct 
ghost images when inside (or poorly ex- 
posed outside) antennas were used. 
Analysis of the picture content with 
particular reference to the horizontal dis- 
placement of a particular ghost image and 
the ratio of that displacement to the 
length of a complete scanning line gave a 
good indication of the increased path 
length of the reflected signal which caused 
the ghost. 

At that time the Radio Manufacturers 
Association television standards specified 
a 441-line television picture, of which 
approximately 400 lines were visible, the 
other ten per cent being used for the 
vertical synchronizing action. 

The aspect ratio of the pictures was 
four horizontal to three vertical. Thus, 
there were approximately 530 picture ele- 
ments along each line. The time re- 
quired for the scan of the visible portion 
of each line was 64 microseconds, and 
since a ghost image displaced by two pic- 
ture elements was plainly discernible, it 
was evident that a reflected signal which 
arrived as much as one fourth micro- 
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second later than the direct signal was de- 
tectable. Such a ghost would be dis- 
placed approximately 1/32 of an inch 
on a 12-inch tube picture, and reference 
to the velocity of propagation indicated 
that it had traveled about 250 feet 
farther than the direct wave. The posi- 
tion of multipath images displaced by as 
much as one fourth inch or more could 
often be measured to the nearest 1/64 
of an inch, and thus the extra distance 
traveled could be determined to within 
+125 feet. = 

These findings gave rise to the belief 
that specially designed equipment built 
primarily for the purpose of path length 
determination could give an accuracy 
of +50 feet or better, and the consider- 
able thought given to that possibility in 
the fall of 1938 resulted in the early con- 
cept of Shoran as it is today. 

Actually it was not known, at first, to 
what uses a system for accurate trans- 
mission path length measurement could 
be put, but it seemed logical one use 
might be for blind navigation, particu- 
larly of aircraft. Blind bombing sug- 
gested itself automatically because of the 
apparent imminence of war in Europe. 

However, if delay times equivalent to 
tens or even hundreds of miles instead of 
tens or hundreds of feet were to be meas- 
ured, it was apparent that two require- 
ments would immediately present them- 
selves. First, a round-trip signal be- 
tween the two points of distance de- 
termination would have to be used. 
This would call for either an extremely 
efficient reflector at one end of the path 
or for retransmission of the original signal 
at the path terminal. Second, some type 
of vernier or decimal indication would be 
necessary in order that the radio “‘yard- 
stick”’ could be read to, say, +100 feet 
even though the round-trip or total dis- 
tance was of the order of 2,000,000 feet 
or 400 miles. 

Many experiments were performed in 
the fall of 1938 and the spring of 1939 to 
confirm the belief that relatively long dis- 
tances could be measured with even 
higher absolute accuracy, and thus per- 
haps a thousand-fold greater proportional 
accuracy, than the original television 
multipath determinations. 

One interesting experiment consisted of 
retransmitting the television pictures 
from the Empire State Building between 
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two points. on elite Haeeceanattied in 
such manner that the relayed picture 
arrived at a receiver almost exactly one 
line later than the direct signal. The 
‘raster on the cathode ray tube face was 
_ synchronized continuously with the direct 
signal from National Broadcasting Com- 


pany while the video content was com- 
mutated between the direct and relayed 
pictures. 
length corresponded exactly to one line, 
the commutation process produced no 


_ horizontal jitter of the television image. 


The signal was, of course, delayed in the 


relay terminal eqttipment by the electric 


inertia of tuned circuits, video amplifiers, 
and connecting cables. These time inter- 
vals had to be taken into account, and 
those which could not be accurately cal- 
culated were measured by a determina- 


tion of the phase shift characteristics of 


the modulation components of an r-f 
signal passing through the equipment. 
It is interesting to note that the total 
time elapsed in the relay receiver and 
transmitter corresponded to a path length 
of nearly 2,000 feet. But since it could 
be accurately measured to within 0.01 
microsecond by the slope of the phase 
versus modulation frequency character- 
istic, errors from that source were not 
more than +10 feet. It was necessary 
to call on the U. S. Coast and Geodetic 
Survey for accurate ground distance in- 
formation. 

The results of that experiment and 
others were convincing proof that a radio 
“yardstick” could be constructed for 
first-order determination of distances out 
to the limits of propagation of the radio 
frequencies used. The latter had to be 
relatively high to accommodate the rapid 
modulation necessary for sharp time 
indications. Amplitude or frequency 
changes in the radiated wave would have 
to occur in the order, of 1/10 micro- 
second if measurements with an accuracy 
of that order were to be possible. This 
called for a transmission frequency 
whose fundamental period was not more 
than 1/50 microsecond or a minimum 50 
megacycles. 

The transmission of what could be 
termed single picture elements, one at a 
time, with the transmitter completely 
quiescent between those pulses, was 
chosen as the most practical mode of 
operation. Such a system would allow 
relatively high power radiations with rela- 
tively low average power consumption. 
This principle, decided upon in October 
of 1938 for the original Shoran de- 
velopment work, has been used almost 
universally in all radar equipments 
whose function requires operational 
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When the relayed signal path | 


ch greater ase “one or two miles. 


_ It is not meant to imply that this date 
marked the first concept of pulse type 


operation. However, the choice of pulse 
type operation at that early stage of the 
Shoran work marked the final equipment 
for success. Attempts to derive the same 
end results by other systems have proved 


the wisdom of that choice. 


During 1939 many types of eae 
vernier time measurement devices were 
conceived, built, tested, and discarded. 
Since it seemed certain that on occasion 
multiple pulses, due to reflected waves 
traveling devious paths, would arrive at 
the receivers at each terminal of the 
transmission path, and since, obviously, 
the first pulse to arrive would be the only 
one to give an indication of the direct 
path distance, it seemed clear that a 
cathode-ray-tube type of data presenta- 
tion would offer the simplest means of 
discrimination between the desired or 
first-arriving information and subsequent 
indications. It was conceivable that cir- 
cuit arrangements could be effected 
whereby the elapsed time could be indi- 
cated on meters or transposed to data 
transmission systems. However, the 
most straightforward procedure appeared 
to lie in the use of linear determinations 
of the position of an alteration in either 
the intensity or deflection of a cathode 
ray tube trace. 

Here again this early choice of the 
cathode ray tube as the indicating ele- 
ment has certainly been vindicated by 
subsequent developments. Much later 
in the history of Shoran, circuits were de- 
veloped for transferring the derived in- 
formation to a data transmission system. 
This made it available at positions re- 
mote from the equipment; but those cir- 
cuits, which will be described later, are of 
only secondary importance, and the 
cathode ray tube remains the prime 
indicator. 

Two further principles, each of which 
contributed markedly to the success of 
Shoran, were also adopted early in its 
history. First, the repetition rate of the 
transmitted pulses, which could be con- 
trolled by quartz crystal oscillators to an 
accuracy of one part in 1,000,000 if 
necessary, was selected as the funda- 
mental unit of measurement. Second, 


an old principle familiar to precision in- _ 


strument makers in many fields and 
known as the set-back type of operation 
was adopted. This principle is exempli- 
fied in precision aneroid barometers 
wherein movement of the bellows caused 
by varying air pressure is counteracted 
either by adjustable weights or by ad- 
justable spring tension sufficient to re- 
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turn the bellows distortion to a fixed zero. 
The weights or the spring adjustment 
necessary to perform that function then 
give an indication of the air pressure. 
While this type of operation seems cum- 


bersome compared to the simpler method 


of causing the bellows to move a pointer 
around a calibrated scale, actually the in- 
creased precision is well worth the com- 


plexity. 


As applied to Shoran, this system — 


eliminates the need for the maintenance 
of exact linearity of the cathode-ray- 
tube sweep speeds in the presence of 


varying power line voltages, varying 


vacuum tube characteristics, and varying 
circuit parameters. So far as is known to 
the author, Shoran is the only radar sys- 
tem which adopted the continuous set- 
back principle. 
tages which accrue from its use are not as 
necessary in equipments which seek less 
inherent accuracy. ' 

By the summer of 1939, enough arpa 
mental and developmental work had been 
done to indicate the probable practica- 
bility of a blind bombing navigational 
device founded upon the principles 
enumerated above. Operation would call 
for an equipment in an airplane which 
could simultaneously measure its exact 
distance from two separated and ac- 
curately known ground locations in 
friendly territory while the plane flew 
over enemy targets. Investigation re- 
vealed that all of Europe, together with 
all of the North American continent, had 
been sufficiently well mapped so that the 
distance between any two points within 
250 miles of each other in those parts of 
the earth could be calculated with a 
probable error of 50 feet or less. 

Armed with this information, and forti- 
fied with the confidence of many months 
of satisfying experimental endeavor, the 
project was presented by Radio Corpora- 
tion of America to the United States 
Army Air Forces with the proposal that 
funds be allocated for the development of 
operating models of the necessary equip- 
ment to test its feasibility. That was in 
the summer of 1940. 

It is an interesting commentary on the 
thinking of those times that the author 
felt constrained to write into the speci- 
fications of the proposal the suggestion 
that the probable accuracy of distance 
measurements would be of the order of 
+500 feet. These predictions, definitely 
pessimistic in view of the favorable ex- 
perimental results in the laboratory, were 
made pessimistic principally because it 
appeared utterly fantastic at those times 
to presume to achieve even that goal. To 
have suggested more would have branded 
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Even with those moderate claims, the 
apparent unreality of the proposed pro- 
- gram hindered the progress and retarded 


the growth of Shoran up to the very day 


the first Shoran bombs dropped to destroy 
a 30-foot-wide enemy-held bridge in 
northern Italy. 

War in Europe had been eniare at 
the time of these first proposals. The 
pace of preparedness in the United States 
quickened after the fateful September 1, 
1939. More money was allocated to the 
armed services for development of new 
devices, and even some of the projects 
which were felt to be a bit on the fantastic 
side were given the green light. 

Accordingly, a contract was awarded to 
RCA Laboratories in February of 1941, 
about nine months before Pearl Harbor. 
This called for completion by February 
1942 of two ground station equipments 
and one airborne equipment to give 
simultaneous and continuous distance 
determinations from each of the ground 
stations to a plane, out to optical line of 
sight, with an accuracy not poorer than 
—500 feet at 100 miles or 0.1 per cent of 
the distance beyond that point. 

The 21/2 years of experimental work 
before the awarding of the contract had 
allowed the plans for the model to be so 
well formulated that just four months 
later the plane equipment and one ground 
station were completed and ready to 
operate. With one complete operating 
chain, many previously unanswered ques- 
tions could be resolved. One determina- 
tion which had not been made concerned 
the possible variations in the propagation 
velocity of a radio wave at tangency with 
the earth’s surface. It appeared that 
vegetation and partially conducting soil 
with a high dielectric constant could well 
have a marked effect on that all-impor- 
tant characteristic. Also the probable 
variation caused by changes in the 
humidity of the air was a possible source 
of difficulty which could only be crudely 
calculated. Accordingly, it was decided 
to place the plane equipment in the tower 
of the Empire State Building, put the 
ground station out beyond the optical 
horizon at Rocky Point, Long Island, and 
make day-to-day measurements of the 
distance between the two points. This 
was done after flight tests from Wings 
Field near Philadelphia, Pa., to the 
Rocky Point location had confirmed ade- 
quately the predicted range of operation. 

Measurements between the Empire 
State tower and Rocky Point were con- 
tinued for a period of three months dur- 
ing the summer of 1941. Hundreds of 
readings were taken and the equipment 
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the project as completely unrealistic. — operated by n 


“more than 40 degrees Fahre 
humidity ranged from a lor 


" 
2 


~ 


to a high of 100 per cent. An averag 


all readings indicated a distance of . ao Hes 
56.126 miles with a total spread of 0.013 


mile, There was no apparent correla- 


tion between climatic conditions and the 


readings. Later the United States Coast 
and Geodetic Survey gave the measured 
distance as 56.127 miles, or five feet more 
than the average of the Shoran readings. 


Obviously the transmission path to the 


Rocky Point location, which was 400 feet 
below optical line of sight, through scrub 
pines and over sand, was not affecting the 
velocity of propagation to any marked 
extent over and above the variations 
caused by normal sea level air pressure. 
The latter had been calculated before- 
hand and introduced into the equipment 
as a correction to the frequency of the 
crystal-controlled pulse repetition rate. 
The agreement between the Shoran and 
geodetic distance measurements was 
actually too close for comfort. Had they 
differed by 200 feet or so, they could have 
been given to the Aircraft Radio Labora- 
tory as evidence of the potentialities of the 
system. Under the circumstances, it 
was decided that it would be best to say 
nothing about that particular series of 
measurements and let the contracting 
agency make its own accuracy determina- 
tions. 

At the time of Pearl Harbor, the Air- 
craft Radio Laboratory took delivery of 
two specially constructed all-metal trailers 
which they had ordered built to specifi- 
cation to house the Shoran ground sta- 
tions. Each of these had its own 5-kw 
gasoline-driven a-c generator in a glass- 
enclosed gas-tight compartment. These 
were in turn delivered to the RCA Com- 
munications Laboratory at Rocky Point 
and the Shoran gear installed. Further 
tests followed with the ground stations 
operating as complete self-contained 
mobile units. Then shortly before the 
contract expiration date, the entire 
equipment was sent to Wright Field for 
acceptance tests. 


It is well to bear in mind the particular 
conditions which existed at that time. 
The United States had been at war for 
just 2 '/, months. The mad rush to 
prepare for the titanic struggle which was 
already upon us called for emphasis on 
the most necessary fundamentals first. 
Communication radio and liaison equip- 
ment for a rapidly expanding air force 
were requisites of prime importance. 
The Aircraft Radio Laboratory at Wright 
Field was so completely occupied with the 
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me Wations were 1p 
gomery, Ala., and at Talla 
In order to save time, the di : 
each ground station to the © 
square-base pyramid target in - 
near Eglin Field were dete 
flying over the target with a | ; 
bombsight set to vertical and reading the _ 
Shoran distances. This process was re- — 
peated several times, but the pitch and 
roll of the plane, together with the in-— 
ability of the automatic pilot to do a pre- 
cise job of following the bomb sight lead, 
resulted in considerable discrepancy be “< 
tween successive readings. Admittedly 
the bomb-dropping trials were to be 
handicapped, not only by the possible — 
Shoran errors but by those of the Norden 
bombsight and automatic pilot as well. 
The distances finally determined were © 
108.297 miles to Tallahassee and 125.431 
miles to Montgomery. : 
Of the first 12 100-pound sand-filled — 
practice bombs dropped from 14,000 
feet, the average dispersal from the target 
was 220 feet. Two of the bombs hit the 
30-foot-square wooden target. The re- 
sults were on a par with those to be ex- 
pected from a mission dropping the same 
number of that type of bomb by visual 
means. The ballistics of sand filled 
practice bombs are erratic in comparison 
with those of heavier missiles. Addi- 
tional tests were made from 20,000 feet 
and the results were relatively the same. 
It appeared that Shoran had proved its 
capabilities as a blind bombing device 
even before its precision for distance 
measurements had been evaluated. 


i 


The procedures developed for determi- 
nation of the release point of the bomb on 
those early test runs are interesting. It 
would be beside the point to go into all 
the ramifications of the calculations of 
bomb trajectories and release points in 
this paper. Suffice it to say that the 
vector winds through which the plane was 
passing were determined by comparing 
the indicated air speed of the plane with 
the rate of change of Shoran distances for 
a given plane heading. Manual release 
at the proper point was effected by the 
simple process of pressing a button con- 
nected electrically to the bomb rack 
intervalometer. Human reaction time 
was not considered a factor because of the 
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anticipatory knowledge constantly sup- 
plied by the Shoran indications. Later 
production models were equipped with 
devices which automatically measured 
the plane speed as well as the vector wind, 
made the required corrections in the 
ground path of the plane, and auto- 


tected point on that path. That por- 
tion of the equipment was developed 
_ primarily by F. J. Hooven in co-operation 
q with engineers of the Harris Seybold 
Potter Company under contract to the 
Armament Laboratory of the Air Tech- 
nical Service Command. It is a marvel 
of ingenuity and precision, but at this 
writing, information regarding the de- 
_ tails of that device is still restricted. 
After the Eglin Field tests, it seemed 
certain that an immediate request for 
product designs and production schedules 
_ would be forthcoming. Much to the 
_ personal disappointment of those who had 
. nurtured the development from its con- 
' ception, such was not to be the case. 
~~ Interest in blind bombing devices was at 
- fever heat, but the new microwave 
_ techniques were coming on the scene and 
their freedom from any tie to fixed loca- 
tions on the ground seemed to offer the 
- only complete answer. Actually it was 
_ not until after the close of war in Europe 
that it was determined that 80 per cent 
of all strategic missions and almost 100 
per cent of all tactical missions flown in 
that theater were within the Shoran range 
of operation. 
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A further deterrent to Shoran progress 
lay in the fact that by then the British 
had started development of a somewhat 
similar system and it was felt inadvisable 
to carry on two separate product design 
and procurement programs without co- 
ordination. Accordingly, a small group 
of military personnel headed by Lieuten- 
ant Colonel R. R. Brunner, together with 
two Radio Corporation of America engi- 
neers, left for England on December 1, 
1942, to exchange information and to re- 
solve the degree to which the two pro- 
grams could be integrated. However, 
the work carried on at Telecommunica- 
tions Radio Establishments under the 
Air Ministry was based on entirely differ- 
ent principles than those of the Shoran 
development and there appeared to be no 
common basis upon which the two pro- 
grams could be combined. 

On the return trip from England, the 
party split into separate groups. The 
group consisting of Colonel Brunner and 
some British military personnel coming to 
the United States to get a better picture 
of the Shoran project was lost in flying 
the South Atlantic Ocean. Viewed in 
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matically released the bomb at the cor- 
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retrospect, it seems certain that this loss 
was a major factor in keeping Shoran 
progressing at a snail’s pace toward its 
ultimate conclusion. 

Finally in March of 1943 a product de- 
sign contract was given to RCA and work 
progressed again at full steam. The 
contract stated that the ultimate equip- 
ment should have an accuracy of distance 
measurement at least equal to that of the 


original model which, by then, carried the | 


army designation SCR297-T2. It was 
realized by all concerned that the +500 
feet specification was so pessimistic as to 
be meaningless, so no figures were men- 
tioned. Several of the automatic fea- 
tures referred to previously were speci- 
fied as essential to fulfillment of that 
contract. 


That work was completed in January 
of 1944. Itis a credit to all concerned to 
say that the faith of the Air Technical 
Service Command Aircraft Radio Labora- 
tory in the ultimate outcome of that pro- 
gram was such that they recommended, 
and Radio Corporation of America re- 
ceived, large procurement orders well in 
advance of its completion. Thus the 
Shoran radar program acquired the 
unique distinction of having been con- 
ceived, developed, product-designed, and 
manufactured entirely within one com- 
pany. This, of course, neglects the 
auxiliary equipment mentioned above. 

After the completion of the design work, 
and while waiting for production quanti- 
ties to become available, a six-month pro- 
gram of rigorous flight and field tests was 
inaugurated at Boca Ratan, Fla., under 
the auspices of the Aircraft Radio 
Laboratory. For-the first time, a true 
indication of the accuracy of distance 
measurements from a plane to a fixed 
point on the ground was available. This 
was derived by the use of so-called Zenith 
cameras located at known control points 
approximately 100 miles from the Shoran 
ground stations. The plane was equipped 
with a gas-filled flash lamp on the under 
side of the fuselage. As the plane passed 
over the Zenith camera, the lamp was 
flashed and the Shoran distance readings 
recorded. Many nights of such flights 
with many passages back and forth 
across each new Zenith camera location 
gave sufficient data to indicate the prob- 
able error of distance measurement as 
being somewhat less than 50 feet out to 
the limit of its range. Hundreds of 
bombs were dropped and many different 
operators acted as Shoran bombardiers. 
As a matter of fact, no single individual 
ever dropped enough bombs to become 
really proficient in the use of the equip- 
ment, but the design was such that it was 
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relatively simple to operate. Thus, hu- 
man errors, particularly when the operator 
had had training on a Norden bombsight, 
were at a minimum. © 


The extreme accuracy of distance de- 


termination attracted the attention of the © 


Army geodetic and mapping groups. As 


a result of their interest, the equipment is _ 


being used today for establishing control 
points with first-order survey accuracy at 
very great distances. For this work a 
ground station is established at each point 
to be located and a plane flown back and 
forth across the line between any two 
such points. The average minimum sum 
of the distances between the plane and 
each ground station, as indicated by a 
photographic recorder for each line ¢ross- 
ing, gives the true distance between the 
points. The comparative simplicity of 
surveying a line from, say, Chicago to 
Kansas City to Amarillo, Texas, in only 
two jumps can be imagined. For a sur- 
vey of that route, three ground stations 
would be used, one at each of the three 
cities, and 10 or 20 flights back and forth 
across the approximate center of each 
line would be all that would be required. 
Except for one consideration, it would be 
unnecessary for any individual to set foot 
upon the intervening terrain. Subse- 
quent to the early tests between the Em- 


pire State Building and Rocky Point, the * 


true effect of climatic conditions on 
propagation velocity and on the refrac- 
tion of the radio waves between plane 
and ground had been determined. Asa 
result, sounding balloon or other types of 
atmospheric determinations along the 
path are considered necessary when the 
equipment is used for first-order survey 
work. Nevertheless, the simplicity and 
rapidity with which unmapped portions 
of the surface of the earth can be brought 
into survey control with equipment of 
this type is little short of amazing. 


At the completion of the Boca Ratan 
tests, the remarkable results achieved 
became known to the commanders in the 
fields of operation and requests for equip- 
ment began to pour in. In September of 
1944, it was decided to test the equipment 
in actual operation against the enemy. 
Several personnel from the Aircraft 
Radio Laboratory and the Armament 
Laboratory (also at Wright Field) were 
accompanied to Corsica by three Radio 
Corporation of America engineers to aid 
in setting up the equipment and to train 
ground and air crews in its use over 
northern Italy. There were many dis- 
appointing delays in the arrival of the 
equipment. Boxes supposed to contain 
transmitter tubes were found to contain 
toilet necessities and flashlight batteries. 
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More weeks followed during which crews 
were training and practice bombing. 
Finally on December 11, 1944, the first 
Shoran bombs were dropped. From that 
time on, events moved with rapidity. 
Operational results were phenomenal. 
Bridges that had withstood many close 
misses by visual missions were destroyed 
on the first Shoran run. Weather was 
no hindrance to tactical air support with 
Shoran. By the time the war ended in 
Europe, the amount of tactical bombing 
being done in any area was predicated 
almost entirely upon the availability of 
Shoran equipment. By the time the war 
with Japan was brought to a close, the 
plans of the Army and Navy for the use of 
Shoran in the Pacific were astounding 
even to those who knew its potentialities, 


The Shoran System 


Figure 1 shows the 2-distance ‘‘fix’”’ 
method used by Shoran to locate a posi- 
tion in flight. The airplane equipment 
transmits a series of short pulses of radio 
frequency energy to each of a pair of 


Figure 1. The Prin- 
ciple of Shoran 


The Shoran set indi- 
cates plane’sdistance 
from two ground 
stations, thus ‘‘fixing’” 
it at intersection of 
the corresponding 
circular arcs swung 
around the two ste- 
tions 


ground stations. These in turn im- 
mediately retransmit the received signals 
to the plane where the round-trip trans- 
mission time is measured in terms of 
distance. In bombing operations the 
plane flies in either direction on an arc 
about one of the ground stations. The 
radius of the arc is equal to the station- 
to-target distance. Since either ground 
station may be used as the center of the 
flight path, four different approach head- 
ings are possible when bombing a given 
target. With normal station-to-target 
distances, the curvature of the bomb run 
path is relatively slight. A refined type 
of pilot direction indicator meter, deriv- 
ing its information automatically from 
the equipment, is in front of the pilot. 
During a bomb run, with the aid of this 
instrument, it is not difficult to keep the 
plane on its arc path with deviations less 
than the span of the plane wings. 

It should be noted that no information 
is passed along the path joining the 
ground stations. If the geographic loca- 
tions of those stations, as well as those of 
all possible targets, are accurately known, 


» + 


wet 


, 


as was the case in the European use of 
Shoran, the geodetic problems connected | 


with Shoran operations are relatively 
simple of solution. When they are not 
known, Shoran reconnaissance photog- 


raphy of possible targets will reveal their — 


co-ordinates. 

It is highly desirable that a pair of 
ground stations be able to serve a large 
number of planes bombing widely sepa- 
rated targets simultaneously. This is 
possible with Shoran installations, and the 
means by which it is accomplished with- 
out interference will be described later 
in this article. ; 

Planning of a Shoran mission, with all 
the geographic distances known, is not as 
simple as it might at first appear. The 
great circle path of a plane several 
thousand feet in the air differs from the 
great circle path on the earth’s surface, 
often by as much as one tenth mile. 
Contrary to a widely held belief, radio 
waves do not travel in a straight line over 
any appreciable distance, but tend to be 
refracted into a vertical arc. Radiant 
energy travels faster at bomber plane 
altitudes than it does through sea level air 
pressures. Fortunately, all of these 
effects are predictable accurately, and all 
are taken into account in determining 
Shoran co-ordinates for a given bombing 
mission. The calculations involved are 
completed before take-off. In bombing 
operations, possible corrections indicated 
by variations in climatic conditions are 
usually of insufficient magnitude to be 
significant. 

The ruggedness and relative simplicity 
of operation of the components of a 
Shoran system, together with the freedom 
from equipment failures which it pro- 
vided in combat use, are all remarkable 
in view of the extreme precision of the re- 
sults obtained. Details of the individual 
portions of the equipment are given here- 
with. 


Figure 3. 


The airplane transmitter 


Figure 2. Panel of 

timing and indicating 

unit of Shoran plane 
equipment 
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The Plane Equipment 


The principal units of a Shoran plane 
equipment are shown in Figures 2 and 3. 
Figure 2 shows the timing and indicating 
device which is the most vital part of the 
Shoran system. This unit permits regu- 
lation of the timing of the transmitted 
pulses in such manner that the signal 
returned by retransmission from the 
ground arrives back at the plane receiver 
and makes its appearance on the screen 
of the cathode ray tube coincidentally 
with the fixed, or so-called Ty) marker 
indication. The adjustment necessary 
to effect this coincidence is calibrated in 
miles and decimal portions of a mile. 
Thus the mileage indications are read 
from the dial settings rather than from 
the face of the cathode ray tube, in 
accordance with the set-back principle 
teferred to previously. 

The pulse timing function is duplicated 
in the indicator unit to allow for simul- 
taneous distance measurements from two 
ground stations. Reference to Figure 2 
will show the two large 100-mile dials at 
the bottom of the panel. At the left of 
each dial is a Veeder-type counter, the 
three digits of which indicate miles, 
tenths of a mile, and hundredths of a 
mile. Estimation to the nearest 1/1,000 


of a mile is possible. 


Figure 4. The goniometer which determines 
Shoran timing 


Figure 5. Goniometer with rotor withdrawn 


The Faraday screen of copper ribbon covers 
the crossed windings of the stator 
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Adjustment of each ° 


Figure 6. Bottom 
view of timing and 
indicating unit 


Each goniometer is 
mechanically con- 
nected through re- 
duction gears to the 
others in the chain 


of the two sets of distance indicators is 


‘made by rotation of the small hand 


wheels to the left and slightly below the 
large dials. In the case of a plane in 
motion, continuous rotation, achieved by 
variable speed motor drive, can be im- 
parted to the shafts carrying the hand 
wheels, thus keeping the indicated data 
up to date. It can be readily understood 
that the rate of rotation necessary to 
maintain coincidence between the re- 
ceived signal and the Ty marker is of 
value in determining the plane’s ground 
speed and in the calculation of bomb re- 
lease points. Beyond 100 miles the read- 
ings are repeated. Thus the readings 
would be the same for distances of 57, 
157, and 257 miles. 

The most interesting portions of the 
timing and indicating circuits are those 
which control the timing of the trans- 
mitted pulses. The accuracy of that 
function depends upon the stability of a 
quartz crystal oscillator operating at 
93,109 cycles per second. It should be 
noted that this figure is exactly one-half 
of 186,218, which is the number of miles 
traveled each second by a radio wave 
passing through sea level air pressure. 
Thus the period of one cycle of the oscil- 
lator is equivalent to the time required for 
a radiated signal to travel a round-trip 
distance of one mile. 

The voltage output from the oscillator 
is distorted in vacuum tube circuits by 
clipping and differentiation processes to 
form a very short pulse, accurately 
located at a fixed phase of the cycle. 
This is passed to the cathode ray tube 
and becomes the 7, marker on the screen. 
The output of the 93-kilocycle oscillator 
is also split into two accurately spaced 
quadrature components and delivered to 
the crossed windings of the stator of a 
goniometer. Pictures of this unit are 
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The rotor of 
the goniometer can be turned throughout 
360 degrees, and the output potentials, 
derived by way of the slip rings, have a 
phase corresponding to the position of 


shown in Figures 4 and 5. 


the rotor. This potential is likewise 
clipped and differentiated and produces a 
pip which then can be timed accurately to 
any point midway between two marker 
pips. One degree of rotation of the 
goniometer corresponds to a round-trip 
path length of 15 feet. If these adjust- 
able pips were all used to actuate the 
transmitter, there would be several 
hundred transmitted impulses stretched 
out over the round-trip path between the 
plane and a ground station, and con- 
fusion would result. Therefore, it is 
necessary to select one pulse out of each 
100 that are developed and discard the 
others. Accordingly, the 93-kilocycle 
wave is passed to a 10:1 phase degener- 
ated frequency divider and the new fre- 
quency split into quadrature components 
for a second goniometer. This unit is 
mechanically connected to the first 
goniometer through 10:1 reduction gears. 
The resultant output is used as a gate to 
select one out of each ten of the de- 
veloped pips. Again the process is re- 
peated with another 10:1 divider, and a 
third goniometer is driven by the second 
through another 10:1 reduction gear. 
The final output voltage at 931.09 cycles 
selects one of the ten previously selected 
pips and thus discards all but one of the 
original 100 which were developed. The 
second and third goniometers have no 
effect on over-all accuracy if the output 
phase of each is correct within the selec- 
tion limits of +15 degrees. Greater dis- 
crepancies would produce errors of exact 
multiples of one mile or ten miles, de- 
pending upon which of the two units was 
at fault. The circuits which deliver the 
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quadrature currents to the goniometers 
are unique in one important character- 
istic. Large changes in the power factor 
of the stator windings produce no phase 
variations of the currents which flow 
through them.. Thus temperature com- 
pensation is unnecessary, and ambient 
temperature variations from —70 degrees 
Fahrenheit to +140 degrees Fahrenheit 
make no readable change in indications. 
The complete chain of goniometers, 
mechanically coupled through reduction 
gears and supplied with the proper energy 
from the associated circuits, permits ac- 
curate placement of the transmitter pulse 
to within 1/100 of one degree of any posi- 
tion throughout the 100-mile repetition 
rate cycle. This is accomplished without 
excessively close tolerance specifications 
on any parts of the equipment. The 
twin rows of goniometers can be seen in 
the bottom view of the timing and indicat- _ 
ing unit chassis in Figure 6. 

The two timing devices are completely 
independent of each other, and the trans- 
mitter control is commutated between 
them approximately ten times per second. 


Figure 8. Units and cabling of ground station 


A TRANSMITTER 
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During the commutation cycle, the fre- 
quency of the transmitter is altered so 
that all pulses sent out in accordance with 
timing derived from the left-hand control 


are on one wave length, while those from 


the right-hand control are on another. 
Thus each of the two ground station re- 
ceivers can pick up and retransmit the 
signals meant for it and discriminate 
against those intended for the other. The 
commutation process also switches the 
gain control function of the plane re- 
ceiver alternately between two potenti- 
ometers, each of which can be adjusted 
separately. This allows for wide differ- 
ences between the strengths of signals re- 
ceived at the plane from the two ground 
transmitters, as is the case when operat- 
ing close to one but remote from the 
other. 


One other function of importance is per- 
formed during the commutation cycle. 
In order to operate many planes in the 
air at once and have them all use the 
same pair of ground stations, it is neces- 
sary that transmission from a ground 
station to one plane not interfere with the 
proper operation of Shoran equipment in 
another. Since the repetition rate of 
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possibility i is mee ace 
commutator during a thir 
ebeteniiteecanl period of its 
ing which no transmissions occur, 
ing this time, the repetition rate circui Ss 
of the timer are momentarily blocked off 
and then immediately allowed to resume 
operation. precisely at the previous rate. 
The result is that no two plane equip- 
ments interrogating a common ground © 
station can stay synchronized for more ~ 
than a small fraction of a second, in spite 
of the fact that their interrogation rates~ 
are precisely the same. 
The trace on the cathode ray tube is © 
circular. There were two reasons for — 
this choice. A 3-inch tube will accom- 
modate a 7!/,inch circular trace com- ~ 
pared to a 2!/,-inch linear sweep. Alsoa 


we 


‘circular sweep is continuous without 


breaks in its continuity while the spot re- 
turns to its starting position. A throw 
of a switch changes the deflection rate of 
the circular pattern from a 1- toa 10- toa 
100-mile scale. For navigational pur- — 
poses, out to the initial point of a bomb — 
run, the 100-mile scale is adequate. The 
use of this scale allows the operator to 
effect coincidence of the received and 
marker pulses to well within the + 5-mile 
interval over which they are visible 
on the ten-mile scale. He can then re- 
peat the process and switch to the one- 
mile scale. Thereafter, if the data are 
kept up-to-date, he need not return to 
the 10- or 100-mile scales, since the com- 
plete information is constantly available 
on the mileage dials. All traces on the 
oscilloscope are blanked out when using 
the 1- or 10-mile scales except for the 
particular 1- or 10-mile interval con- 
taining the TJ, time. Actually, the J, 
marker is traced on the screen for the 1- 
and 10-mile scales during an unused por- 
tion of the 100-mile repetition rate. 
Thus, the received pulses, which are out- 
ward for the left-hand mileage controls 
and inward for the right-hand dials, 
appear to be superimposed upon the 
marker deflection rather than to mingle 
with it and thus cause confusion. Match- 
ing is correct when the left-hand (leading) 
edges of all pulses are coincident. 


The plane receiver controls are on the 
separate oblong panel extending upward 
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slightly to the right of center in Figure 2. 
The receiver can be withdrawn and re- 
placed in a matter of only a few seconds in 
case of defective operation. All connec- 
tions, with the exception of the antenna, 
are made through sliding contacts and 
are thus automatically broken and re- 
established when the unit is removed and 
replaced. One of the filters for the forced 
_ air cooling system can be seen in the 
upper left-hand corner. Figure 7 showsa 
receiver withdrawn from its compart- 
ment. 

Figure 3 shows the plane transmitter 
which generates the signals radiated 
under control of the timing and indicat- 
ing unit. It is usually mounted in some 
out-of-the-way position in the airplane, 
since it has no adjustments that need 
attention while in flight. ‘‘Start,” 
“stop,” and “‘standby” operation are re- 
motely controlled by relays actuated in 


RECEIVER 


TRANSMITTER 


Figure 9. The function of the ground station 


Pulses received from the airborne transmitter 
are amplified and retransmitted to the plane 


conjunction with those of the timing and 
indicating unit. 

The peak power input to the trans- 
mitter tubes is approximately 50,000 
watts, and a plate circuit efficiency of 
about 30 per cent is realized. The low 
operating duty cycle results in an average 
plate power consumption during operat- 
ing periods of only 30 watts. Positive 
plate, or B voltages, are not used on the 
two push-pull self-oscillating transmitter 
tubes which derived their plate energy 
entirely from the 5,000-volt positive 
swing of the secondary of the pulse 
modulation transformer. The two trans- 
mitter frequencies, which are commu- 
tated during operation, are adjustable in 
the region of 220 to 260 megacycles. 
Usually they are separated by from five to 
ten megacycles, but they must correspond 
to the respective ground station receiver 
frequencies. Commutation of the radi- 
ated wave length is made possible by the 
action of a solenoid-operated vacuum- 
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contact short-circuiting bar on the reso- 
nant grid line of the oscillators. The ad- 
justment of the position of that bar and of 
all other grid and cathode line connections 
is controlled by screw driver adjustment 
through the front panel. The plates of 
the oscillators are at radio frequency 
ground potential. 

The antenna for radiating the trans- 
mitter power is of the stub type and is 
mounted vertically either above or below 
the fuselage. An attempt is made to 
produce as nearly an omnidirectional pat- 
tern of vertically polarized radiation as 
possible. The antenna proper is some- 
what unconventional. It consists of a 
center rod extending approximately 1/8 
wave length beyond a 1/8-wave grounded 
concentric sleeve. The entire assembly 
is about 12 inches in length. In opera- 
tion the antenna has relatively broad 
band characteristics and produces a low 
order of standing wave ratios on the 50- 
ohm transmission feed line throughout 
the transmitter frequency range. 

The plane receiving antenna is of the 
same type of construction but is some- 
what shorter in over-all length, since it re- 
ceives signals from ground stations which 
transmit on approximately 310 mega- 
cycles. 

Lengths of interconnecting cables be- 
tween units and between the transmitter 
and receiver and their respective antennas 
have an effect on the total time spent by 
pulse energy in traversing all of the plane 
equipment circuits. Therefore, each 
plane installation must be compensated 
by a process which involves the sending of 
test signals around the complete loop and 
making the necessary corrections in the 
position of the marker pulse. Actually, 
the adjustment is not made to zero but to 
a standard negative value of distance 
which compensates for all of the fixed de- 
lays in the ground station as well as for 
those in the plane. Thus, if the inter- 


Figure 10. Panel of 
ground station moni- 
tor-receiver 
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Figure 11. Panel of ground station transmitter 


vening path between the plane antennas 
and those of the ground station wese of 
zero length, a pulse initiated in a timer 
chain reading zero would pass through 
the plane transmitter, all the ground 
equipment, and finally arrive back at the 
plane receiver in time to appear on the 
cathode ray tube exactly superimposed 
upon the 7, marker. The point which 
bisects an imaginary line drawn between 
the plane transmitting and receiving 
antennas is that from which all measured 
distances are indicated. 


The Ground Station Equipment 


A ground installation consists essen- 
tially of four principal units. These are 
the receiver-monitor, the transmitter, 
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the antenna arrays, and the gasoline- 
driven power supply. See Figure 8. 
The complete equipment is air-trans- 
portable and can be flown to a known 
location and put into operation within 90 
minutes after arrival, 
The primary function of the ground 
equipment is to receive, reshape, and re- 
transmit all pulses arriving at. the loca- 
tion on the particular wave length to 
which the receiver is tuned. See Figure 
9. The elapsed time between the arrival 
of a signal at the receiving antenna and 
the radiation of the resultant pulse from 
the transmitting antenna must be ac- 


curately adjusted to a fixed standard 


time interval. That adjustment, as well 
- as others necessary for proper operation 
of the installation, is performed with the 
aid of the monitor portion of the monitor- 
receiver unit. This is shown in Figure 10. 

The oscilloscope in this piece of the 
equipment facilitates adjustment of fre- 
quency dividers which regulate the tim- 
ing of standard repetition rate radiations 
independently of any received signals. 
These are under the control of an ex- 
tremely accurate 93, 109-cycle tempera- 
ture-controlled crystal and allow a plane 
equipment operator to make a slight ad- 
justment in the frequency of his crystal if 
temperature or other conditions have 
caused excessive drift. Continuous radi- 
ation of standard pulses from the ground 
also enables the plane operator to tell 
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Figure 12. Ground station antenna assembly 


whether or not he has sufficient altitude 
to be within range of that station even 
before he starts transmitting. 

The adjustment of the total delay inter- 
val to the standard value is made by 
varying the number of delay line sections 
in the circuit until the loop-delayed pulse 
matches another which is passed only 
through a standard delay network. 

The receiver, shown on the right-hand 
side in Figure 10, is identical to, and inter- 
changeable with, the receiver in a plane 
equipment. It has a continuously ad- 
justable tuning range between 210 and 
320 megacycles. 

The transmitter, shown in Figure 11, 
is very similar to that used in a plane. 
However, it has a much higher duty cycle, 
when serving a large number of planes, 
and the modulator circuits are, therefore, 
made heavier to handle that load. 
Whereas the average plate power in a 
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plane transmitter is 30 watts during 
operation, the ground transmitter may be 
developing as much as 400 watts. Each — 
develops a peak input power of about 50 

The transmitting and receiving anten- — 
nas are shown in Figure 12. The re- 
flectors give power gain of approximately — 
eight to one in the forward direction with 
a horizontal coverage angle of about 70 — 
degrees to the half-power points. The 
whole assembly is supported on a 50-foot 
sectionalized plywood mast. 

The gasoline-driven generator delivers — 
about 1,500 watts at 115 volts, 400 cycles, 
and approximately 400 watts at 28 volts 
direct current. 


Operational Results 


The use of blind Shoran bombing over 
the battle fields of Europe showed that it 
was capable of equalling visual bombing 
in accuracy under normal conditions 
and surpassing it when the latter suffered 
from target identification difficulties. 
On occasion, rolling barrages of fragmen- 
tation bombs were laid only a few hundred 
feet ahead of our own advancing troops. 
The demoralizing influence of such a bar- 
rage, from planes completely hidden in a 
clouded sky, was tremendous. Such 
operations with equipment of less pre- 
cision than Shoran would have been 
foolhardy. 
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tron, which accelerates electrons by mag- 
netic induction making possible the pro- 
duction of higher energy X rays than is 
practical by the direct application of the 


accelerating potential, has extended the 
_ range of X rays indefinitely, the only limit 


. being the size of the machine. 


Tests with 
the betatron have shown that the best 
energy for medical and radiographic use is 
20 mev (million electron volts). The de- 
velopment of this machine from a physics 
laboratory instrument to an _ industrial 
machine is described, as well as the radio- 


graphic properties of the X rays produced. 


HE FIRST successful type of beta- 

tron, invented by Doctor D. W. Kerst 
at the University of Illinois, is an induc- 
tion electron accelerator which means 
that electrons are accelerated by mag- 
netic induction instead of by direct 
application of high potential. The result 
is that the voltage insulation is not the 
limiting factor in the acceleration of the 
electrons, and they can be given energies 
not previously obtainable by any other 
man-made means. 

In the betatron an alternating mag- 
netic field holds the electrons in a stable 
circular orbit within an evacuated annular 
chamber called a ‘‘donut,’’ and the in- 
creasing field produces a force on the elec- 
trons which accelerates them to high 
velocities. A special field contour is 
necessary to hold the electron in its orbit 
as its mass changes relativistically with 
increasing velocity. 


Development of the Theory 


The idea of acceleration of electrons by 
magnetic induction was the subject of 
experiments conducted by many scien- 
tists. J. Slepian stated the general prin- 
ciple in his patent! issued in 1927, but he 
apparently did not develop his calcula- 
tions to the point of producing a satis- 
factorily workable machine. Wideroe? 
was the first to show that the necessary 
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The development of the beta- 


Practical Radiography 
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field condition for a stable equilibrium 
orbit is dy) = 2792? where 


79 =radius of equilibrium orbit © 
¢o=flux within orbit 
Hy=field at the orbit ' 


This was verified by Walton’ and later 
referred to by Steenbeck* as the 1:2 rela- 
tion as the flux within the orbit is twice as 
much as would be obtained if the mag- 
netic field were uniform in space. Steen- 
beck stated that the field in the region of 
the orbit should be H=« 1/7", where 0 < 
m<i. Kerst and Serber® verified the 
calculations of Wideroe and Walton and 
also developed the equations for transient 
phenomena in the magnetic field. Kerst® 
was the first to place an injector in the 
magnetic field for supplying electrons at a 
substantial initial velocity to the orbit. 
Several of the earlier investigators had 
tried to inject electrons from outside the 
magnetic field tangentially to the orbit 
but had not been successful. Steenbeck 
placed a heated filament in the magnetic 
field, but provided no means of directing 
the electrons emitted or of giving them an 
initial velocity. The injector as de- 
veloped from the one used by Kerst is 


Injector 


Figure 1. 
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shown in Figure 1, and consists of a 
heated filament, grid, and surrounding 
plate so that the stream of electrons is 
ejected by a negative pulse applied to the 
filament (the plate is grounded to prevent 
its disturbing the orbit by its electrostatic 
field). The grid is a solid piece of metal 
used to minimize the electron bombard- 
ment of the plate and is connected to one 
side of the filament. 

On the basis of the calculations made 


by Kerst and Serber, Kerst® 7:8 was able - 


to construct the first betatron to operate 
successfully in a practical manner. 

Kerst and Serber also calculated the 
paths of electrons which would oscillate 
about the equilibrium orbit while the 
focusing forces are damping the oscilla- 
tion. From their calculations they could 
predict the best value for m so that the 
most electrons would miss the injector on 
the later revolutions and be focused to the 
orbit. 

The Kerst type of betatron is essen- 
tially a three-legged transformer with the 


accelerating field formed in an air gap by 


Paper 46-54, recommended by the AIEE com- 
mittees on electronics and industrial power applica- 
tions for presentation at the AIEE winter conven- 
tion, New York, N. Y., January 21-25, 1946. 
Manuscript submitted November 21, 1945; made 
available for printing December 31, 1945. 
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SECTIONAL VIEW SHOWING DONUT IN PLACE 


PERSPECTIVE VIEW OF YOKE 
Figure 2. Betatron magnet 
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BEAM CONTRACTED TO INSIDE TARGET 
_ RADIUS AFTER ACCELERATION _op— 


BEAM EXPANDED TO 
OUTSIDE TARGET 
RADIUS AFTER 
ACCELERATION 


brag 


EQUILIBRI 

ORBIT aM ee . X-RAYS 
ELECTRONS 

Figure 3. Sectional view of donut showing 


positions of injector and targets as well as 
electron paths 


radially symmetrical poles in the center 
leg as shown in Figure 2. Coils shown 
provide the necessary flux when a voltage 
is applied to them. In practice a sinu- 
soidal voltage is applied as this is the sim- 
plest means of providing the time-in- 
creasing field, although only one quarter 
of each cycle is utilized in the accelera- 
tion of the electrons. The donut and in- 
jector are shown in position in Figure 3 
which also illustrates the various electron 
paths during focusing, injection, and ex- 
pansion. 

In operation, electrons are injected 
when the flux wave is at point A as shown 
in Figure 4. They are accelerated as the 
flux increases until point B is reached 
where they are caused to deviate from the 
equilibrium orbit by either of the two 
following means; (1) the center of the 
pole is allowed to saturate with the result 
that 2H increases faster than $/mro? so 
that 7 becomes smaller and the electrons 
spiral in until they strike a target, such as 
A in Figure 3; or (2) a pulse of current 
is sent through a turn of wire on each pole 
face in such a direction that the flux 
caused so upsets the equilibrium condition 
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MAGNETIC FIELD 
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Figure 4. Flux wave 
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that ro becomes larger causing the elec- 
trons to spiral out and strike a target (B 
in Figure 3) mounted on the back of the 
injector. Kerst, in his original machine, 
used the first method as it is simpler and 
does not require a carefully timed elec- 
tronic tube circuit as does the beam ex- 
pansion method. 


The Production of X Rays 


When the high energy electrons strike 
the target, X rays are produced, the great- 
est intensity of which emerge from the 
donut in a narrow cone in the direction 
which the electrons are traveling at that 
time. As the conversion of the kinetic 
energy of the electrons to X rays is higher 
for high energies than low (theoretically 
65 per cent of the electron energy is con- 
verted to X rays at 20 million electron 
volts as compared to a few per cent at 
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Figure 5. Details of pole laminations 


1 million electron volts) very little of the 
energy is absorbed by the target, so that 
the target remains relatively cold and 
does not deteriorate with use. 


Development 


After successfully operating his first 
betatron which had a maximum energy of 
2.3 million electron volts, Kerst was 
granted a leave of absence from the Uni- 
versity of Illinois to supervise the con- 
struction of a 20-million-electron-volt 
betatron.® This betatron was loaned 
permanently to the University of Illinois 
for use under his direction. This and 
subsequent 20-million-electron-volt beta- 
trons used expansion coils to cause the 
orbit to spiral out as this method results 
in higher maximum energy and higher X- 
ray output. 

In order to determine whether or not 
the X radiation produced by the betatron 
was suitable for industrial use in thick 
section radiography, the Office of Scien- 
tific Research and Development ap- 
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(A) YOKE OF UNIVERSITY OF ILLINOIS BETATRON 


Pe 


(B) IMPROVED YOKE 


Figure 6. Betatron yoke 


pointed Kerst as official investigator and 
allotted funds for the work. When the 
investigation showed that the 20-million- 
electron-volt betatron could be used to 
great advantage in thick section radi- 
ography, OSRD authorized and financed 
the further work necessary to develop the 
betatron for industrial use, including the 
building of one machine. Kerst and his 
staff from the University of Illinois then 
obtained the co-operation of the Allis- 
Chalmers Manufacturing Company in 
this development in order to make the 
betatron available to war projects. The 
general details, such as size of pole and 


dimensions of yoke, are practically the , 


same as described by Kerst with the 
major improvement being made in the 
mechanical construction of the betatron, 
and in the development of the donut. 

One of the major improvements made 
in this development was in the improved 
construction of the pole. The simplest 
way to construct a radially symmetrical 
pole is by making pie-shaped sectors of 
various lengths as shown in Figure 5 with 
several sectors making a complete pole. 
In the first 20-million-electron-volt beta- 
tron, these laminations were held together 
by a thermal setting resin which proved in 
operation that it was not strong enough to 
hold against the magnetic forces present, 
and gradually the pole developed short 
circuits until the beam was disrupted and 
the X-ray yield materially decreased. 
By careful welding and insulating, a very 
rigid pole was constructed, One set of 
these poles has been installed on the Uni- 
versity of Illinois machine for over a year, 
and has been operated as many hours as 


ELECTRICAL ENGINEERING 


i 


TURNS ON 
PEAKER MAGNET 
STRIP 


TO INJECTOR 


AIR CORE 
TRANSFORMER 


Figure 7. Injector circuit 


the original set, but shows no signs of go- 
ing bad. - In fact, the yield is now higher 
than ever was obtained with the original 
machine. Also, the pole laminations 
were cut on a die which assured a very 
smooth and radially symmetrical pole. 

The coils on the commercial machine 
are held very rigidly in place and air ducts 
provided to aid in cooling. Because of 
the high leakage flux caused by the air 
gap for the accelerating field, the turns 
must be stranded with each strand insu- 
lated from all others by Formvar varnish 
and all layers wound in the same direction 
in order to keep induced voltages and 
eddy currents at a minimum. 

The yoke on the University of Illinois 
machine was made in four pieces as 
shown in Figure 6A with only the weight 
of the steel holding them in place. By 
assembling in two halves as shown in 
Figure 6B, a much better constructionwas 
possible, and by the use of guide rods, the 
alignment of the poles could be made at 
the time of assembly with the assurance 
that the poles could be separated for in- 
stallation of a donut and the alignment 
would always be the same. Then, by in- 
stalling lifting jacks operated by a gear 


ION CHAMBER oo) 
x» 


{ 
r I 
1 
lige HL ial 
i TS 


= 


st 


bs4-7 


YOKE 


VARIAC 


EXPANDER COILS 
IN POLES 


motor with chain and sprocket system 
the top half of the betatron could be 
lifted without the use of an auxiliary 
hoist. The construction of the yoke in 
two halves also will simplify the clamping 
necessary to make possible the mounting 
of the betatron for rotation of the beam 
should it be desired. 

One of the most interesting develop- 
ments made was in the manufacture of 
donuts. The first donuts made for the 
University of Illinois 20-million-electron- 
volt machine consisted of two short glass 
cylinders forming the outer and inner wall 
with two glass washers forming the top 
and bottom. These glass parts were 
waxed together with tubes waxed on to 
hold the injector and for the pump stem. 
The sections of glass forming the inner 
surface of the donut had to be sand 
blasted so that a suitable conducting 
coating could be applied. The coating 
was necessary so that the stray electrons 
not captured by the beam and striking the 
donut walls would be drained off and 
would not be allowed to build up static 
charges which would disturb the beam; 
and, at the same time, the coat must be of 
high enough resistance that the eddy 
currents induced would not disturb the 
beam or heat the donut too much. The 
main trouble with the waxed donut was 
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Figure 8. Expander circuit 


that the tube could not be evacuated and 
then sealed off, necessitating a pumping 
system. Also, owing to the heat gener- 
ated by the injector filament, it was neces- — 
sary to blow air on the wax close to the 
injector stem to prevent softening of the 
wax with resulting leaks. 

To solve the donut problems, the 
Ceramic Engineering Department at the 
University of Illinois, under a contract 
with OSRD, was able to develop a porce- 
lain which was capable of having glass 
sealed to it and was vacuum tight. More- 
over, this porcelain donut could be made 
by coreless casting which resulted in a 
fairly inexpensive product. Some de- 
velopment was necessary in order to coat 
the inside of this tube and make the glass 
seals, but the difficulties were overcome 
and donuts were produced, evacuated, 


‘and sealed-off which have been giving 


very satisfactory service. This resulted 
in the elimination of a high-vacuum 
pumping system on the betatron which 
would have been the cause of much trou- 
ble in the successful operation of beta- 
trons in industrial radiography. 

A study was made of the injector and 
the design and structure were improved 
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so that an increased yield was realized. | 
The injector, which is an electron gun, 


a should not have too large a distance be- 


tween the filament and the part of the in- 
jector closest to the orbit so that as many 
‘electrons as possible will miss the injector _ 
on successive revolutions, and be captured 
by the orbit. In addition, the injector 
must be sufficiently rigid so the vibration 

- caused by the alternating magnetic field 
will not shake it apart. — 


. 


The target developed made possible a © 


focal spot of the order of 0.010 inch high. 
This small focal spot is one of the out- 
standing features of the successful beta- 
tron. If the electrons hit the back of the 
injector with no special target, the focal 
spot will be of the order of 0.050 inch 
high. The width in both cases is so small 
as not to be measurable. 
have been made which show that the 
difference in successive revolutions of the 
electrons as they spiral out is of the order 
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Transmission curve for steel at 20 
million electron volts 


Figure 11. 


Calculations — 


Figure 12. Radiograph of vernier caliper be- 
tween two one-inch slabs of steel with jaws 
open 0.010 inch 


Enlargement on negative was 3.3 
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were eliminated and Cin were re 
by others having more reliable operating 


characteristics to reduce to a minimum 


the variables for obtaining maximum 
yield. The present injector and expander 
circuits are shown in Figures 7 and 8, 


respectively. A very convenient addi-— 


tional circuit is the exposure control cir- 
cuit (Figure 9) whereby the exposure in 
Roentgen units can be set on an impulse 
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Figure 13. Exposure chart for 20-million- 


electron-volt X rays with Eastman industrial 
film, type A, 0.040-inch front lead screen, 
density of 2 
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Figure 14. Exposure chart for 20-million- 

electron-volt X rays with Eastman industrial 

film, type F, 0.030-inch front lead and special 
intensifying screens, density of 2 
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counter and the betatron will be sre off a 
when it has produced the required amount 
of X rays. 


~ - 


’ Radiography : 


The betatron makes possible the radi- 
ography of thick section steel, bronze, and 
other heavy metals. In Figure 10 the 
absorption coefficient curve for iron is 
shown together with the theoretical in- 
tensity distribution spectrum of X rays 
produced by the 20-million-electron-volt — 
betatron. From these two curves, one 
can see that most of the X rays produced 
are in the region of low absorption of steel 
(the absorption curves for other heavy 
metals are similar). In other words, the 
X rays in the approximate range of from 3 
to 20 million electron volts are the most 
penetrating, and the absorption curve is 
nearly constant over this range which is 
the region of most of the X rays produced 
by the 20-million-electron-volt betatron. 
This explains the straight line transmis- 
sion curve shown in Figure 11 after one or 
two inches of steel. 

Another factor influencing the selection 
of 20 million electron volts as the best 
energy for thick-section radiography was 
that by going tohigherenergies the second- 
ary X rays produced as a result of the 
absorption of the primary rays would be 
more penetrating than the primary rays 


' and tend to result in a diffused image. 


This fact can be explained by an analysis 
of X-ray absorption. Unfortunately, the 
absorption of X rays above one million 
electron volt generally results in the pro- 
duction of electron pairs with each elec- 
tron of the pair produced having on the 


ELECTRICAL ENGINEERING 


16. Section of radiograph of Ford 
Note the damaged valve 
stem 


Figure 
model T motor. 


average nearly one half the energy of the 


primary ray. These high-energy elec- 
trons lose their energy with the accom- 
panying production of X rays which, be- 
cause of the lower energy, may be more 
penetrating than the primary rays. The 
secondary rays travel in the general 
direction of the primary, but there is some 
divergence which affects the definition on 
the film. The 20-million-electron-volt 
betatron tests show that a comparatively 
small part of the density on the film is 
caused by secondary rays. With higher 
energy betatrons, tertiary, and higher 
order X rays would be produced which 
would be more divergent and penetrating 
than the secondary rays and, therefore, 
would produce a more diffuse image on the 
film. 

The choice of a lower energy betatron 
was eliminated as the intensity for differ- 
ent energies at the same frequency goes as 
nearly the fourth power of the energy. 
At 10 million electron volts and 180 cycles 
the intensity would be 1/15 that at 20. 
This would necessitate a much higher fre- 
quency which would mean increased heat- 
ing and higher power requirements. The 
heating would necessitate liquid cooling 
and the advantage of a lower weight 
machine at lower energies partially would 
be lost. At a lower energy output a 
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smaller percentage of the X rays would be 
in the region of low absorption so that the 
exposure would be much longer for the 


‘same intensity. Tests at 10 million 


electron volts show that the fraction of 
density on the film contributed by the 


secondary rays is considerably larger 


than that at 20 million electron volts, 

Another advantage of 20-million-elec- 
tron-volt X rays is that an absolute sensi- 
tivity is obtained. This means that the 
size of minimum detectable flaw is the 
same regardless of the thickness of steel 
being radiographed. A 1/32-inch flaw 
was displayed with equal clarity through 
various thicknesses of steel from 2 to 12 
inches on Eastman type A film. 

In 20-million-electron-volt radiography, 
no blocking is necessary for variations in 
thickness of the specimen or around the 
outline. In fact, outlines may be less 
well defined when blocking is used. 

Because the large angle of back-scat- 
tered radiation is detrimental to the 
image, no lead is placed behind the film. 
A thickness of 0.040 inch is used in front of 
the film for the best restilts. Thicknesses 
of from 0.010 to 0.020 inch will result in 
about 50 per cent more density for a given 
exposure, but the detail will be less clear 
so that it is not recommended. 

The great: penetration of 20-million- 
electron-volt X rays makes possible the 
study of great variations of thickness on 
the same radiograph. Radiographs have 
been taken on which differences of thick- 
ness of over six inches of steel were 
examined. The penetration of these 


Figure 17. Section of radiograph of steel 
forging revealing a flaw 


1 
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X rays implies that it is difficult to detect 
small flaws in specimens of low density or — 


small atomic number. 
The small focal spot inherent with the 


betatron and not with other X-ray 


machines is nearly the ideal point source. 
The natural focal spot is 0.050 inch high 
and less than 0.005inch wide. By usinga 


special target which was developed, the « 


height is reduced to 0.010’ inch. This _ 
focal spot makes possible the enlargement 
of the specimen on the radiograph by in- * 
creasing the specimen-to-film distance. 
Figure 12 shows a radiograph of a vernier 
caliper between two l-inch slabs of steel 
with tlie jaws open to 0.010 inch. Witha 
magnification of 3.3 this opening could be 
seen. 

Figures 13 and 14 show exposure charts 
based on different films and screens. 
The exposure is given in Roentgen units 7 
and on the basis that the industrial units 
built have given about 75 r per minute, 


the exposure times can be calculated. ra 
Figure 15 gives a comparison between ~ 


different films and screens. 

With the pronounced beaming of the 
Xrays (characteristic of highenergyradia- 
tion) for full utilization of the film, a good 
rule in the taking of radiographs is to have 
the target to film distance at least five 
times the major dimension of the film. 

To show the latitude and detail of 20- 
million-electron-volt radiographs, Figure 
16 is a radiograph of a section of a model T 
Fordengine. Figure 17is a radiograph of 


a steel forging which showed defects that 
could not be determined otherwise except 
by very long exposures or machining and 
testing. 

The betatron has increased to at least 
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Application and Performance of | 


Electronic Exciters for Large 


A-C Generators 


H. A. P. LANGSTAFF H. R. VAUGHAN R. F. LAWRENCE 
FELLOW AIEE MEMBER A\IEE ASSOCIATE AIEE 
Synopsis: Power rectifiers have proved many thousands of kilowatts of installed 


themselves as efficient and reliable convert- 
ers of a-c to d-c power for many industrial 
applications. They also have been used to 
a limited extent as exciters for synchronous 
motors and condensers. This paper dis- 
cusses the requirements of rectifiers when 
used to excite large a-c generators and pre- 
sents the results of tests made to determine 
performance under various operating condi- 
tions. The results cover preliminary tests 
that were made on a laboratory model in 
addition to extensive and more complete 
tests on an electronic exciter now installed 
in the Springdale generating station of the 
West Penn Power Company. ‘The elec- 
tronic exciter was designed to serve eventu- 
ally as the main exciter for an 81,250-kva 
3,600-rpm turbine generator just installed, 
but it is now supplying excitation to a 
47,100-kva 1,800-rpm turbine generator. 
Switching arrangements are provided for 
exciting either unit from the electronic ex- 
citer or from an existing motor-driven ex- 
citer. 


INCE the introduction of the metal- 
tank type of power rectifier, particu- 
larly the single-anode type,! the applica- 
tion of rectifiers in the field of power con- 
version has expanded to include practi- 
cally every type of industry that requires 
d-c power.” Years of experience with 


capacity testify to their reliability and 
efficient performance. With this back- 
ground of usage, power rectifiers natu- 
rally have received consideration as ex- 
citers for rotating machines. A limited 
number have been used to excite syn- 
chronous motors, synchronous condens- 
ers, and one or two small generators. 
However, there has been a hesitancy in 
applying them as exciters for large a-c 
generators because of a natural reluctance 
to risk anything that might jeopardize 
the reliability or performance of a ma- 
chine as important as a large a-c gener- 
ator. 


Rotating exciters have been used with 
success for many years, whereas the abil- 
ity of a power rectifier to meet the exact- 
ing requirements of a power station gener- 


Paper 46-74, recommended by the AIEE committee 
on power generation for presentation at the AIEE 
winter convention, New York, N. Y., January 21— 
25, 1946. Manuscript submitted November 21, 
1945; made available for printing December 11, 
1945. 
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R. F. LAWRENCE are central station engineers with 
Westinghouse Electric Corporation, East Pitts- 
burgh, Pa. 


‘ ... y i, 


ator has not been demonstrated by oper- 
ating experience. It is the purpose of 
this paper, therefore, to discuss the 
application of electronic exciters to large 
a-c generators, to present the results of 


comprehensive tests that were made to 


demonstrate the performance of an elec- 
tronic exciter under severe operating 
conditions, and to describe an actual in- 
stallation. 


Requirements 


Large generators for power systems are 
capable of operating and are expected to 
operate months at a time without shut- 
down. They must maintain constant 
supply voltage under varying load condi- 
tions and must recover rapidly from 
disturbances caused by severe load 
fluctuations or system faults. The de- 
gree to which the generator meets these 
conditions depends in a large measure on 
the performance of its exciter, which must 
fulfill the following requirements: 


1. It must be dependable and capable of 
operating without shutdown over long 
periods of time. 


2. It should lend itself to ease of mainte- 
nance so that wearing parts can be main- 
tained, tested, or replaced without shutting 
down the unit. 


38. It must be capable of providing the re- 
quired excitation during system disturb- 
ances when the generator may be called 
upon to supply a high reactive current out- 
put. 


4. It must be capable of operating over a 
broad range of d-c voltage, from generator 
no-load to maximum output. Momentary 
values of field current considerably greater 
than full-load magnitude may be required. 


5. It must respond rapidly to high excita- 


20 inches, the thickness of steel and other 
heavy materials which can be radio- 
graphed satisfactorily, the maximum 
thickness depending on the minimum 
flaw to be detected or the detail desired. 


Other Possible Uses 


Any new X-ray machine is considered 
for its possible application to medical 
therapy. As the main development has 
been in producing a machine for industrial 
radiography, little time has been devoted 
to studying possible therapeutical appli- 
cation. However, one paper! has been 
published demonstrating the advantages 
of 20-million-electron-volt X rays and 
theory indicates that if the electron beam 
can be brought out of the donut, it would 
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be more useful than the X rays. Both 
the 20-million-electron-volt X rays and 
electrons may be powerful weapons for 
the therapy of deep seated cancer. 

From present indication, higher energy 
betatrons apparently would have no ad- 
vantages in industrial radiography and 
their main use would probably be in con- 
nection with nuclear research. At the 
present time, Doctor Kerst is planning 
the construction of a betatron capable of 
producing at least 250-million-electron- 
volt X rays. Such a machine would en- 
able physicists to produce radiation of 
cosmic ray energies in the laboratory. 
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operation ‘so that it does not ‘complicate the 
over-all operation of the generating unit. 


7. The cost, if higher, must be justified by 
advantages over other available methods of 

"excitation. ‘ 
Ta 41 


Application Problems 
An electronic exciter consists essen- 
_ tially of a power rectifier fed from an a-c 
source of power and provided with the 
Boccessaty control, protective, and regulat- 
ing equipment. The co-ordination of 
Bthese component parts presents certain 
problems which must be dealt with in 
_tmeeting the excitation requirements of 
: patee a-c generators. 


. AC POWER SUPPLY 


_ The rectifier may be self-excited, that 
is, its source of a-c power taken from the 
r hale of the a-c generator to which it 

is supplying excitation, or it may be 
excited separately, with its a-c power 
supplied from a separate source. Self- 
_ excitation makes possible unit operation 
with no dependence on a separate source 
of power for excitation. At the same 
time, it requires no rotating machine. 
However, it differs froma direct-connected 
_ rotating exciter in performance in that its 
output is affected by voltage dips at. the 
generator caused by disturbances on the 
a-c system. The d-c ceiling voltage of 
the electronic exciter would decrease in 
proportion to the a-c voltage at a time 
_when overexcitation is actually required 
by the generator. This may be compen- 
sated for in two ways. One way is to 
provide the rectifier with an abnormally 
high d-c ceiling voltage with full a-c volt- 
age applied so that when the a-c voltage 
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acbeort than necessary de ee munane 
still is obtainable. During normal opera- 


tion, the d-c voltage would be reduced to 
normal by firing delay in the rectifier. 


It means a rectifier transformer some- 


what larger than normal and a higher 
angle of firing delay during normal opera- 
tion of the rectifier. 

The second way to compensate for 
drops in a-c voltage is to provide series 


compensators to maintain a-c voltage on 


the rectifier transformer during momen- 
tary system disturbances. The primary 
of each of the compensators would be 
connected in series with one phase of 
the generator armature. The secondaries 
would be connected in series with the 
leads to the rectifier transformer so as to 
boost the a-c voltage supplied to the 
rectifier transformer in proportion to the 
reactive current fed from the generator. 
Either method of compensation is prac- 
tical. 

Separate excitation of the electronic 
exciter requires a reliable source of a-c 
power such as a separate station auxiliary 
generator or an auxiliary generator 
mechanically connected to the shaft of 
the main generator. 

If used to supply power to the electronic 
exciter only, the shaft generator could be 
designed to feed the rectifier directly 
without an interposing rectifier trans- 
former. This scheme would be compar- 
able to a direct-connected exciter from 
the standpoint of being independent of 
system disturbances. 

If the electronic exciter is self-excited, a 
means of supplying partial excitation 
during the starting-up period must be 
provided to get the machine up to volt- 
age. Tests have shown that a d-c volt- 
age of approximately 15 per cent of rated 
field voltage at full load applied to the 


Figure 1. Three- 
phase fault applied 
on 100-kva gener- 
ator through 12 per 
cent external react- 
ance with generator 
self-excited 


A, B—Terminal volt- 
age, with and with- 
out compensator 
C, D—Voltage 
the rectifier trans- 
former, with and 
without compen- 
sator 
E, F—Field voltage, 
with and without 
compensator 
G, H—Armature cur- 
rent, with and with- 
out compensator 
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field of the main generator, will start fir- 


_ supplied from a small motor-generator set 
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ing of the rectifier and cause it to build up 
voltage. This primer d-c voltage may be 


or from a battery connected to the gener- _ 
ator field in parallel with the rectifier dur- 
ing the starting ‘period. The motor- © 
generator set or battery may be switched — 
off automatically when the rectifier starts 
firing, by means of a reverse-current d-cn s hal 
relay set to detect feedback into the 
motor-genierator set or battery. s 


CO-ORDINATION OF PROTECTIVE DEVICES 


The usual complement of rectifier pro- 
tective devices should be included withan 
electronic exciter to protect against arc- 
back, misfiring, loss of cooling water, and 
so forth. Anode circuit breakers should ; 
be provided to clear an arc back on one or eee 
two phases without interrupting the dec 
output of the rectifier and also to permit “Se 


isolating one or more of the anodes for 


maintenance without interfering with 

the operation of the others. Three 2-pole 

anode breakers, one for each pair of 

diametrically opposite phases of a 6- 

phase rectifier, normally would fulfill 

these requirements. The cathode breaker ' 

should not have overload protection. a 
The rectifier transformer normally 

would be connected to its a-c power source 

through a circuit breaker or through 

fuses to protect against an internal short 

circuit. Whichever device is used must 

be selected so that it will not operate on 

heavy exciter overloads or clear ahead of 

the anode breakers on are-back. 


REGULATION 


The output voltage of an ignitron can 
be varied over a broad range by control- 
ling the point on the a-c voltage wave at 
which firing occurs. This control can be 
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Figure 2. Application of 100 per cent re- 
active load on 100-kva generator, self-excited, 
with and without compensator 
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Figure 3. Three-phase fault applied one- 
third of electrical distance from 100-kva 
generator to motor, with generator supplying 
40 kw at unity power factor through 22.7 re- 
actance between generator and motor 


A,"B—Terminal voltage, with and without 
compensator 

C, D—Armature current, with and without 
compensator 


made broad enough to cover the full oper- 
ating range of the generator without the 
necessity of a generator field rheostat. It 
can be accomplished automatically with 
a voltage regulator responsive to the 
terminal voltage of the a-c generator. 
Since the regulator controls only the firing 
circuit, it can be a low-energy device. No 
large rheostats or resistors are necessary. 

The ability of an electronic exciter to 
build up to its ceiling voltage practically 
instantaneously makes it well suited 
where high speed of response excitation is 
necessary. However, this high rate of 
response is conducive to regulator hunt- 
ing, which must be given particular atten- 
tion in the design of the regulator. 


EFFECT ON FAULT CURRENT AND SYSTEM 
RELAYING 


The effect of an electronic exciter on the 
short-circuit current of an a-c generator 
depends on the duration of the fault, the 
impedance to the point of fault, and on 
how the electronic exciter is excited. The 
fault current during the subtransient 
period, about the first three cycles, is the 
same regardless of the type of exciter that 
is used. If the electronic exciter is ex- 
cited separately, the transient fault cur- 
rent and the sustained current are the 
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same as with a rotating exciter for opera- 
tion without a voltage regulator. For 
operation with a voltage regulator, the 
transient current is somewhat higher with 
the electronic exciter on account of its 
faster response. The sustained currents 
would be proportional to the ceiling volt- 
ages of the two exciters. 

A self-excited electronic exciter with a 
series compensator designed to maintain 


‘a-c voltage on the rectifier during the 


transient period would result in about the 
same transient current as a separately ex- 
cited electronic exciter with or without 
regulator operation. However, the sus- 
tained current would be proportional to 


Figure 4. West Penn Power Company's 
Springdale Power Station exciter system and 
auxiliary power sources 
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for io in a-c - rotidee 
rent would be essentially the same as with, 
a separately excited electronic exciter or a 
rotating exciter. The sustained u 2 
still would collapse to zero if the fault 
impedance were low. 

From the above, it can be reasoned that 
an electronic exciter would have little or — 
no effect on modern high-speed relays — 
that operate in the first few cycles follow- q 
ing afault. The decay of fault current for 
low impedance faults of long duration ; 
with a self-excited electronic exciter : 
should be taken into consideration in its — i 
effect on relay operation. It is, in gen- 7 
eral, desirable to boost or at least main- — 
tain excitation during a system fault to © 
prevent generator instability and to 
hasten recovery to normal voltage after 
the fault is cleared. However, prolonged — 
high excitation is undesirable where the 
fault is of low impedance and in a loca- | 
tion that cannot be cleared, such as an 
unprotected bus: A self-excited elec- 
tronic exciter would cause the fault cur- 
rent to collapse following the transient 
period and thereby make the generator 
self-protecting. If desired, the generator 
voltage could be restored after the fault 
was cleared by automatically applying the 
primer voltage to the field to start firing © 
of the rectifier. 
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Tests on Laboratory Model 


_ A laboratory model of an electronic ex- 
citer was built and tested in order to ob- 
tain fundamental data which would be a 
_ guide in the basic design of a large exciter 
and also to determine the effectiveness of 
a series compensator. This exciter con- 

sisted essentially of a rectifier trans- 
_ former, six thyratron tubes, a grid trans- 
_ former, and a direct-acting voltage regu- 
lator. It supplied excitation to a 100- 
q kva 1,150-volt 1,200-rpm 3-phase syn- 
_chronous generator. An auxiliary trans- 
former was provided to transform the 
generator voltage to 230 volts for the 
rectifier transformer, the grid trans- 

former, and the d-c grid bias circuit. The 

voltage regulator was used to regulate the 
_ generator terminal voltage by controlling 

the d-c grid bias voltage and consequently 
the firing of the thyratron tubes. This 
_ method of voltage control is the same as 
| tHat used on the large electronic exciter 
_ discussed later. 
Series compensators were provided, 

- each consisting of three current trans- 

formers connected in series per phase 

with a reactor across the three secondary 
~ windings. The primaries of the com- 
' pensators were connected in series with 

the generator armature leads; the second- 

aries were connected in series with the 
- leads to the auxiliary transformer, The 
compensators were connected to boost the 
voltage to the auxiliary transformer with 
lagging reactive current flow from the 
generator. They were designed to give 
100 per cent voltage compensation with 
200 amperes in the primary. 
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DESCRIPTION OF TESTS 


The tests consisted essentially of load 
changes, application of faults, steady 
state and transient stability, transfer of 
excitation, and build-up of generator 
terminal voltage. All references to ‘‘per 
cent applied load’’ mean that the load is 
zero power factor lagging and is expressed 
as a percentage of full-load kilovolt-am- 
pere rating of the generator. A total of 
28 tests was run with oscillograms taken 
for each test. The generator field current 
and voltage, armature current, terminal 
voltage, the voltage to the rectifier trans- 
former, and the d-c grid bias voltage 
were recorded. Reactive loads ranging 
from 25 to 200 per cent were applied and 
dropped. Three-phase and line-to-line 
faults were applied through approxi- 
mately 12 per cent reactance on a 100-kva 
base. Steady-state stability tests were 
run with the generator connected directly 
to a synchronous motor load. For tran- 
sient stability tests, the generator and 
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motor were connected together through 
22.7 per cent reactance on a 100-kva base, 


_ and 3-phase and line-to-line faults were 


applied for about one-half second at a 


point one-third of the electrical distance 


between the generator and the load. The 
generator was carrying 40 kw at unity 


power factor. All of the tests were made 


with and without the compensator. 


Test RESULTS 


Meter readings recorded under steady- 
state conditions show that the compen- 
sator boosted the voltage to the rectifier. 
With no compensator, the voltage to the 
rectifier transformer was constant for a 
change in generator load (80 per cent 
power factor) from zero to 100 per cent; 
with the compensator in, this voltage was 
about 87 per cent at no load because of 
the drop through the compensator. How- 
ever, with an increase in load, it increased 
because of the boost from the compen- 
sator. At approximately 75 per cent load 
on the generator, it was 100 per cent and 
at full load was 106 per cent. At no load 
the angle of firing delay without the com- 
pensator was higher than with the com- 
pensator because more voltage was avail- 
able to the rectifier transformer; at full 
load the angle of delay without the com- 
pensator was lower than with the com- 
pensator because less voltage was avail- 
able to the rectifier transformer. In other 
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Figure 5. Schematic 
diagram of  elec- 
tronic exciter test 
setup in one of the 
a-c high-power lab- 
oratories 
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_ words, for a change from no load to full 


load at a given power factor, the com-— 
pensator has a regulating effect on the 
generator voltage with the angle of delay 
tending to remain more nearly constant 
than without the compensator. | 

With the generator self-excited, severe 
faults of long duration caused the terminal 
voltage and consequently the excitation 
to decay to zero. The faults were in- 
tentionally not cleared until after the 
terminal voltage had decayed to zero. As_ 
shown in Figure 1, the compensator main- _ 

‘tains the terminal voltage approximately 
five times as long as without it. The com- 
pensator boosted the voltage to the recti- 
fier transformer to approximately 113 per 
cent for a 3-phase fault. With an initial 
current of 150 amperes at two cycles, the 
voltage to the rectifier was boosted 77 per 
cent. This is equivalent to a 103-per-cent_ 
boost at 200 amperes. The decay of the 
armature current during the subtransient 
period is the same with or without the 
compensator. From three cycles on, 
the decay is much more rapid without the 
compensator. 

Figure 2 shows terminal voltage versus 
time for the application of 100 per cent 
reactive load with and without the com- 
pensator. With the compensator 'the 
maximum voltage drop is decreased ‘4.5 
per cent, and the generator terminal volt- 
age is returned to 100 per cent on the first 
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65 cycles with the ‘compensator, com- 


A pared with 80 cycles without the com- 


ER comparison of ‘the transient stability 


characteristics of the generator with and 


thout a series compensator is shown in 


Figure 3. Without the compensator the 


enerator pulled out of step and did not 


‘regain synchronism, However, with the 
_ compensator, synchronism was not lost 


and the terminal voltage returned to a 


constant value in 111 cycles after the 


fault was cleared. 


Bepitcation’ to West Penn Power 
Company System 


The Springdale generating station in- 
cludes five 1,800-rpm turbine generators 


excited from motor and dual-driven ex- 


citers with switching for exciting any 
generator from any exciter through excita- 
tion busses. There is one 3,600-rpm 


_ 50,000-kva high pressure unit with a 


direct-connected exciter. 
The new number 7 unit, rated 81,250 


4 kva 3,600 rpm, is practically a separate 


- station electrically, with no paralleling of 


_ electronic type was selected. 


circuits other than at 132 kv. Only a few 
of the auxiliaries for this unit are supplied 
from the existing 2,300-volt auxiliary bus. 
A shutdown would therefore be very 
costly. 

In order to eliminate shutdown because 
of the possibility of exciter trouble which 
might require mechanical disconnection 
from the shaft of the main unit, a separate 
exciter source was decided upon, and an 
Initially, 
this exciter supplies excitation to one of 
the existing generators. The number 5 
dual-driven exciter, supplied from either 
one of the existing 2,300-volt station 


Table 1. Characteristics of Generators 
Springdale 
Laboratory Station 
Test No. 7 
Generator Generator 
Generator rating. ....... 20,000 kva ..81,250 kva 
Normal'rated voltage. ,.. 6,600 volts. .11,500 volts 
Synchronous — reactance, 
DEE Mit cap ie « slaieivietoiee 0.853 nee ee) 
Transient reactance, 
Xa’ sat, per unit....... 0.10 Pe) ie bb 
Negative-sequence _ re- 
actance, X2, per unit., 0.10 7. 0,073 
Zero-sequence reactance, 
BNO; POT AIIAIt 5.701 «od -ons wile 0.025 .. 0.067 
Open-circuit transient 
time constant T’do..... 8.2 sec ..7.56 sec 
Field resistance at 75° C.. 0.145 ohm... 0.234 ohm 
No load field current..... 830amp.. 400amp 
Full load 80% power 
factor field current....1,340amp.. 800 amp 
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imately i is atte Romerant: in about © 
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to the shaft of this dual set. This was 


considered. a reliable source of excitation 
because there has been no outage to these - 


busses or to the dual set over a period of 
years. After sufficient operating ex- 
perience is obtained with the electronic 
exciter on one of the older units, it will 


serve as the main exciter for the number 7 


unit for which it originally was designed. 
Any one of the older generators can be 
excited from the electronic exciter or any 
of the station exciters as shown in Figure 
4, 

When the electronic exciter is used to 
excite the number 7 unit, it operates 
essentially self-excited, subject to drop in 
the terminal voltage of the generator. A 
3-phase fault at the high-voltage ter- 
minals of thestep-up transformerswith the 
132-kv bus tie breaker closed would cause 
the generator terminal voltage to drop in- 
stantly to approximately 50 per cent. 
Faults at other locations on the high-volt- 
age system would result in less voltage 
drop. 

The rectifier transformer was designed 
to give approximately 400 volts d-c ceil- 
ing with full a-c voltage applied, so as to 
assure excitation during fault periods. It 
also is provided with an extension to the 
high-voltage winding to give a ceiling d-c 
voltage of approximately 300 volts, which 
would correspond to a normal design to be 
operated either separately excited without 
a compensator or self-excited with a com- 
pensator. Both schemes of compensa- 
tion were used in making the laboratory 
tests to be described later. The series 
compensators used in the tests proved in- 
adequate for the compensation desired, so 
the exciter was installed to operate on 
the high-voltage taps without series com- 
pensators. Space is available for future 
installation of compensation and their 
connections if proved desirable. 


Laboratory Tests on West Penn 


Power Company Exciter 


Laboratory tests on the model proved 
the feasibility of an electronic exciter for 
excitation of a synchronous generator. 
They also showed that a series compen- 
sator could be designed which would be 
effective in maintaining voltage to the 
rectifier transformer during the transient 
period under fault conditions. In order 
to obtain complete performance data on 
the electronic exciter for the West Penn 
Power Company for operating conditions 
which might occur in service but which 
could not readily be staged on the actual 
installation, extensive tests were made on 
this exciter at the factory. 
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number 7 unit. A. pilot exciter was added — 


Evaada Mscien Faule Gearing) 


Time in Cycles 


Condi- Condi- 
Type of Fault — tionl tion2 tion4 
_Three-phase..... BoEsapbeer? .oddoe PH este ie, 23 
Line-to-line 0.5024 .6ees+ Wi Sion cee 56) a5..6 69". 
Double line-to-ground..... Bl erie ryt 
Single line-to-ground...... Yh salute tea Tae ea 
Line-to-line fault with ni : 
one anode breaker i cae 
OPeI Toilets eeinte 0) aterohavals thus sage 5 AQ) oe sim +57 


_ *Fault was cleared at this time. 


**Maximum fault clearing time is infinite. 


The tests were made in one of the a-c 
high-power laboratories. 
diagram of the electronic exciter and the 


associated test apparatus is shown in Fig- — 


ure 5. The laboratory consists of a 3,300- 
horsepower motor driving two 20,000-kva 
generators which are synchronized me- 
chanically so that their respective volt- 
ages are in phase A motor-driven dual 
exciter set is provided to furnish excita- 
tion to each generator. Switching ar- 


Time to Permit Recovery of Generator Voltage. 


Condi- i 


A schematic © 


rangements are such that the two gener- 


ators can be paralleled or one can be used 
alone. Facilities are available for apply- 
ing any type of fault through an external 
reactance from zero to five ohms. Reac- 
tive load can be applied on either gener- 
ator by paralleling it with the other under- 
excited. 


The electronic exciter consists essen-_ 
tially of an a-c cubicle, an air-cooled recti- _ 


fier transformer, a rectifier cubicle, a d-c 
cubicle, and a control cubicle, all shown 
schematically in Figure 5. 


The voltage regulator and firing control 


circuits of this exciter and the model are 
the same. The thyratron tubes fire the 
ignitron tubes, whereas on the model they 
were used actually to supply power to the 
field circuit. 

A 450-kva transformer bank trans- 
formed the generator terminal voltage to 
2,300 volts to supply the rectifier trans- 
former. Mechanically and electrically 
interlocked 2,300-volt contactors were 
provided so that power for the electronic 
exciter could be supplied from either the 
generator terminals or a separate source. 


The series compensators, shown in Fig- 
ure 5, were selected with the idea of boost- 
ing the a-c voltage applied to the rectifier 
transformer 50 per cent (625 volts per 
phase) with 25,000 amperes through a 
single-turn primary. This is the value of 
generator transient current that would 
result for a 3-phase fault on the high- 
voltage terminals of the transformers 
connected to the number 7 unit-at Spring- 
dale. 
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With the test generator connected. 
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for 6,600 volts, line-to-line, the transient 
current for a 3-phase fault with 10 per 
cent (20,000-kva base) external reactance 
between the generator and fault is ap- 
proximately 8,750 amperes. Therefore, 
one compensator was connected in the 
neutral leg of each phase of the generator 
with three loops through the primary to 
obtain the equivalent ampere turns of the 
actual installation. The generator neu- 
tral was grounded solidly to permit the 
application of ground faults. 

The electrical characteristics of the test 
generator and the number 7 generator 
are compared in Table I. The full-load 
field voltage of the test generator during 
tests was about 15 per cent greater than 
the full-load field voltage on the number 7 
generator at normal operating tempera- 
ture. The full-load field current of the 
test generator is 1.67 times that of the 
number 7 generator. This, together with 
the smaller auxiliary transformer (450 
kva compared with 7,500 kva), resulted 
in a higher d-c voltage regulation of the 
rectifier in the laboratory tests than in the 
actual installation. The shorter time 
constants of the test generator resulted in 
faster decay of voltages and currents dur- 
ing faults. 


DESCRIPTION OF TESTS 


The tests consisted essentially of the 
application of all types of faults, applica- 
tion and dropping of reactive load, 
changeover from self-excitation to sepa- 
rate excitation, simulated arc-backs and 
sympathetic are-backs, and build-up of 
generator terminal voltage. 

The tests were made under the five 
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following conditions of excitation: 


1. The rectifier transformer was connected 
on the high-voltage tap (approximately 400 
volts d-c, no-load ceiling) and the compen- 
sators were not connected in the circuit. 
The generator was self-excited, that is, the 
supply to the rectifier transformer was taken 
from the generator terminals. 


2. The rectifier transformer was connected 
on the low-voltage tap (approximately 300 
volts d-c, no-load ceiling) and the compen- 
sators were not connected in the circuit. 
The generator was self-excited. 


3. The rectifier transformer was connected 
on the low-voltage tap and the compensators 
were not connected in the circuit. The 


_ generator was excited separately, that is, the 


supply to the rectifier transformer was taken 
from a separate a-c source. 


4. The rectifier transformer was connected 
on the low-voltage tap and the compen- 
sators were connected. The generator was 
self-excited. 
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external reactance. — 
Generator was self- 
excited and rectifier 
transformer was on 


and a 3-phase, a li 
to-ground, and a 


tal installatis 
all faults were applied through ter . 
cent external reactance on a 20,00 
base. Under this condition the i 
generator terminal voltage drop was ap- 
proximately 50 per cent. With the ex- 
ception of condition 5, a line-to-line fault 
was applied with each of the anode break- 
ers open. This assimilates a line-to- i 
ground fault on the 132-kv West Penn © 
a 


f 


" 


Power Company system during operation _ 
with one rectifier cubicle (two ignitron — 
tubes) out of service for maintenance. — 
The duration of the faults was approxi- 
mately 1.25 seconds. This was longer — 
than would be expected in normal opera- _ 
tion but was desirable in order to deter- _ 
mine the performance of the electronic ~ 
exciter for disturbances of long duration. 

For electronic exciter tests on which 
oscillograms were taken, 24 quantities 
were recorded simultaneously on three 9- 
element oscillographs as follows: 


3— generator line-to-line terminal voltages 
3—generator line currents 
1—-generator field voltage 

1—-generator field current 

1—thyratron tube d-c grid bias voltage 


Figure 8. Severe long-duration fault on * 


20,000-kva generator with primer voltage 
applied to return terminal voltage to normal 
after fault was cleared 
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7 Figure 6 shows curves plotted from 
oscillograms of generator terminal volt- 
age and field voltage versus time for a 3- 
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‘6—anode to cathode voltages 


; Only the first eight cuanteeean were record- 
ed for tests involving the rotating exciter. 


“ 
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phase fault, a line-to-line fault, a double 
line-to-ground fault, a single line-to- 
ground fault, and application of 60 per 


cent reactive load. The results of the 


tests made under conditions 1, 2, 3, and 5 


are shown. Condition 4 is not included 


because the results were about the same 
with the compensators as without them. 
This was primarily because of the high- 
voltage regulation in the a-c supply cir- 
cuit to the rectifier, which resulted from 
the high field current requirements of the 
test generator. In those cases where the 
field voltage becomes a negative value, 
the induced voltage in the field resulting 
from fault current in the armature is 
higher than the rectifier output voltage. 

Faults of short duration similar to 
those normally experienced with modern 
high-speed relays and breakers were also 
applied. Curves plotted from an oscillo- 
gram of a 3-phase 10-cycle fault are shown 
in Figure 7. The rectifier transformer 
was connected on the high-voltage tap 
and the generator was self-excited. 

The tests showed that with the gener- 
ator self-excited and the rectifier trans- 
former on the high-voltage tap, a 3-phase 
fault must be cleared in approximately 
30 cycles to permit the generator ter- 
minal voltage to return to normal. The 
maximum fault clearing times to permit 
recovery of generator voltage for other 
types of faults were estimated from the 
oscillogram and are shown in Table II. 

Figure 8 shows how the generator 
terminal voltage was returned to normal 
following a long duration 3-phase fault 
which caused the rectifier to stop firing 
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because of the decay of terminal voltage 
to zero. About 40 cycles after application — 


of the fault, a 32-volt d-c source was auto- 
matically connected to the generator 
field. This is the lowest voltage which 
will cause the ignitron tubes to fire and 
consequently build up the generator volt- 
age. The fault was cleared in 82 cycles 
and the ignitron tubes started to fire at 
152 cycles. At 194 cycles the rectifier 
voltage was high enough to cause reverse 
current to flow into the 32-volt d-c supply, 
which was tripped off by means of a re- 
verse current relay. From 194 cycles to 
300 cycles, the curves show the action of 
the voltage regulator and the build-up of 
the terminal voltage, which becomes acon- 
stant value of 100 per cent at 300 cycles. 

During the tests, one arc-back and one 
sympathetic arce-back occurred which 
caused the associated anode breaker to 
open. Both occurred with cold tubes and 
with the rectifier supplying no load ex- 
citation to the generator with operation of 
the tubes at a high firing delay. Such 
conditions are known to increase the prob- 
ability of arc-back and sympathetic arc- 
back.* No oscillograms were obtained be- 
cause they occurred at a time when no 
records were being made. Arc-backs were 
simulated by short-circuiting a rectifier 
tube. The tests were run with the recti- 
fier transformer separately excited with 
no load on the rectifier and with the tubes 
firing at zero degrees delay. Under these 
conditions the arc-back currents were 
maximum. Sympathetic arc-backs were 
simulated by short-circuiting two ignitron 
tubes connected to adjacent phases of the 
rectifier transformer. Power to the recti- 
fier was supplied from the generator 
terminals and the voltage regulator was in 
service. The anode breakers opened in 
21/2 cycles and the rectifier functioned 
with four tubes out of service. As shown 
in an oscillogram of one of the tests, Fig- 
ure 9, there was no disturbance to the 
generator terminal voltage. 

A total of 43 fault, 7 load change, 14 
arc-back, 22 sympathetic are-back, 1 


Figure 9. Oscillo- 
gram of sympathetic 
arc-back on ignitron 
tubes 1 and 2, simu- 
lated by short-cir- 
cuiting each tube 
simultaneously 
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voltage build-up tests was recorded on 
-oscillograms. 


In addition, a number of 
tests were made without taking oscillo- 
graphic records. It is believed that the 
results of these tests provide valuable in- 
formation that could not be obtained in 
actual service even over many years. 
Conclusions 

1. Extensive laboratory tests based on 
pessimistic conditions that are unlikely to 
be matched in service have demonstrated 
that an electronic exciter can be depended 
on as a reliable source of excitation for 
large a-c generators. 

2. The type of a-c power Snes to the 


rectifier best suited to the application is 


dependent on the particular conditions. 
3. If self-excited, the electronic ex- 
citer should have either a high ceiling 
voltage or should be provided with series 
compensators to compensate for drop in 
a-c voltage during system disturbances. 
Either method is practical. 

4, An electronic exciter may be in- 
stalled at any desired location in the gen- 
erating station, it is easy to maintain, it 
has an inherent high speed of response, 
and it is adapted easily to generator volt- 
age regulation. Its cost is higher than 
that of a rotating machine. 

5. Modern high-speed relaying would 
not be affected by using electronic exciters 
instead of the rotating type. Relays with 
long time settings, in excess of one second, 
might be affected if the electronic exciter 
operates self-excited because of faster 
decay of short-circuit current. 

6. An a-c generator self-excited with 
an electronic exciter can be operated as 
an independent unit in an isolated station. 
A primer excitation for starting can be ob- 
tained from a battery or small motor- 
generator set. 

7. The decay of short-circuit current 
for long-duration low-impedance faults 
with a self-excited electronic exciter 
would prevent excessive fault damage. 
If desired, generator voltage can be re- 
stored by automatically applying a primer 
voltage to the field to start firing of the 
rectifier. 
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Peak Voltages induced by Accelerated 


Flux Reversal in Reactor Cores 


Operating Above Saturation Density 


THEODORE SPECHT 


ASSOCIATE AIEE 


Synopsis: The existence of peak voltages 
in the windings of many sorts of series 
transformers and reactors, when abnormal 
conditions force the flux density above 
saturation, has been understood in a quali- 
tative manner for many years. This paper 
will derive means for calculating these volt- 
ages for the various combinations of mag- 
netizing force and rate of variation. The 
close agreement between test and calcula- 
tion over a wide range of magnetizing 
forces indicates the accuracy and general 
applicability of the method. 


HE magnetic flux in a-c apparatus 

usually varies nearly sinusoidally over 
a range of flux densities well below the 
saturation value. However, in certain 
types of apparatus, notably series ap- 
paratus, abnormal conditions will produce 
magnetizing forces as high as hundreds of 
times normal, and the flux density will 
not only reach saturation, but the flux 
variation will no longer be sinusoidal. 
The variation of the flux through zero is 
usually accelerated and induces rela- 
tively enormous peak voltages. 

Examples of such apparatus are: 


1. Current transformers under overcur- 
rent, high burden (or a combination), or 
open circuit. 


2. Preventive autotransformers when a 
tap change coincides with a line fault. 


8. Series transformers for street lighting 
when a lamp burns out. 


The existence of these voltages is well 
known, but only very approximate meth- 
ods,! limited in application, have been 
derived for calculation of their values. 
With recent increases in capacities of 
systems, the possible voltages are higher 
and more dangerous than ever. One-am- 
pere secondary current transformers are 
being used more frequently, and their 
voltages are five times as high as stand- 
ard. Hence it has become more neces- 
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sary to have more generally applicable, 
more exact, means of calculation of volt- 


age. 


Peak Voltage Phenomenon 
and Methods of Analysis 


The conventional description of the 
phenomenon is illustrated in Figure 1A. 
Starting at point A on the current wave, 
the reactor is saturated, and as the cur- 
rent decreases, the flux changes very little 
and the voltage is nearly zero. As the 
current decreases to the saturation value 
near B, the flux starts to decrease, and 
the flux change is accelerated through cur- 
rent zero at C, inducing a high-voltage 
peak. 

The high-voltage peak, induced by the 
high inductance of the saturating reactor 
near current zero, resists the change in 
the primary current, the high inductance 
tending to maintain the current and thus 
to make the peak voltage itself less than 
it would be otherwise if the current wave 
maintained its sinusoidal shape. Analysis 
of the circuit to determine the effect of 
the peak voltage on the wave shape of 
the current and the determination of the 
resulting peak voltage is the first part of 
the problem. 

The high rate of flux change induces 
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SEE FIGURE 2(C) 
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(A) 
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pe ed ee 
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Figure 1. Illustration of the problem with con- 


ventional description of mode of flux variation 


Compare with Figure 2 and Figure 11 
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eddy currents in the lamination which 

are very effective toward maintaining the 

flux, delaying its change. Analysis of 

these eddy currents is the second part of 
the problem. 

Two methods of analysis of the whole 
problem have been developed. Method A 
gives a satisfactory solution of the first 
part of the problem (variation of voltages 
and currents in the circuit) based on an 
assumption as to the solution of the second 
part. Method B gives the solution of the 
second part of the problem (eddy currents 
and their effect on the flux distribution 
and voltage) based on an-assumption as 
to the solution of the first part. The use 
of two methods can be justified by the 
fact that although neither method gives 
exactly the correct result, they do give 
the approximate upper and lower limits 
of possible peak voltage. 

The advantage of method A, analysis 
by the assumption of uniform flux density 
in the lamination, is that it permits rep- 
resenting the actual reactor by an 
equivalent perfect reactor in parallel with 
a resistor, according to Figure 2. This 
enables the mathematical analysis of the 
circuit which will be given later. 

The classic analysis of eddy currents is 
based on the assumption of uniform flux 
density. The loss then is proportional to 
the square of the rate of flux change or, 
instantaneously, to the square of the volt- 
age induced in the reactor. Clearly, a 
resistor shunted across the reactor has a 
loss varying in the same way, and a re- 
sistor R in parallel with a perfect reactor 
L, asin Figure 2, will represent the actual 
reactor. 

By method B determination of flux 
distribution in the lamination, the varia- 
tion of flux is analyzed on the basis that 
a sine wave of current is maintained 
through the reactor, and the effect of the 
eddy currents in forcing the flux to redis- 
tribute itself toward the surface of the 
lamination is determined. 

Method B, which takes account of the 
effect of the eddy currents in forcing the 
flux change to occur first at the surface of 
the lamination, can be expected to give 
lower voltages. The analyses to be given 
show that it gives a voltage about half as 
great, and the tests show that the actual 
values are between the two. 


Mathematical Analysis 


The equivalent reactor (or primary of 
the series transformer) in method A (see 
Figure 2B) is not a constant quantity; as 
the flux in the core increases toward sat- 
uration, the permeability and effective in- 
ductance decrease to a value only a small 
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Rs 


EQUIVALENT CIRCUIT FOR, 
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iy 
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SATURATION CURRENT 


(C) METHOD A; CALCULATED FLUX AND VOLTAGE! 


Figure 2. Basis for analysis of problem 


A—Equivalent circuit 

B—Two-line saturation curve assumed for reactor 

C—Result of analysis by method A. The parabolic form of flux 
increase through zero is the result. of eddy circuits in the lamina- 
tions. The triangular wave shape of the voltage is the result. 


SATURATION CURRENT 


(B) 


fraction of the initial value, and in a com- 
plicated manner that cannot be repre- 
sented by any simple formula. Therefore 
some simplifying assumptions will have 
to be made. An obvious device which 
has been used in similar problems is to 
assume that the saturation curve is com- 
» posed of two straight lines, as shown in 
Figure 2B. The voltage induced by B, 
at normal frequency will Le E,; the 
method of determining E,, from the AC 
saturation curve of the reactor is given 
in Appendix I. 

The hysteresis loop, by this assumption, 
is assumed to have zero area. As it will 
appear later that the permeability of the 
iron is not too important in determining 
the peak voltage, the variation of per- 
meability during the hysteresis loop 
reasonably may be neglected. 


MetTuHop A 


Method A, as has been shown, is based 
on analysis of the circuit of Figure 2A. 
For this circuit we may write the equa- 
tions 


Xx 
/2E,sin (a+ tan} z:) > 


8 
dis diz 
R,—-L;——-L—=0 (1 
isRs—Ls dt dt (1) 
The reason for writing in tan—! X,/R, is 
that the resulting equations are simplified. 
The current 7,, which would flow in the 
circuit if the series reactor were not pres- 
ent, is7,=(E,/Z,) sinwt. Time=Ois thus 
when the current would be zero if the re- 
actor were not in the circuit. 
di 
i oi =irR=e (2) 


ls=iz+tp (3) 
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This mode of variation is typical in current transformers on open 


ASSUMED SATURATION CURVE 


A further limitation, inherent in the 
nature of the reactor, is that L=0 if 
i, exceeds the saturation value. If we 
suppose the current to exceed this value 
initially {at point A, Figure 2C) and to 
be decreasing sinusoidally toward zero, 
it all will be flowing in the L branch, none 
in the R branch, of the equivalent reactor 
because L=0 while the current exceeds 
the saturation value. At some time —?, 
or time angle —6,, the current decreases 
to the value at which the reactor ‘‘de- 
saturates’ and suddenly regains its in- 
ductance L. The flux must remain mo- 
mentarily at the same value, so that the 
current in the reactor (¢,) must have an 
initial value at time angle —6z equal to 
the saturation value, with zero current in 
the resistor R and zero voltage across the 
reactor. The value of —6, is derived in 
Appendix IT. 

As the flux in the reactor reverses, the 
current in the reactor branch JL finally 
reaches the saturation value again at 
some time ¢, (angle 6,), at which time the 
inductance L becomes zero, all the cur- 
rent transfers to the L branch, and the cir- 
cuit carries on until the next half-cycle. 

Equations 1, 2, and 3 are obviously very 


circuit 


difficult to solve for 7z or iz.* Some as- 
sumptions or simplifications must be 
made. The solution can be worked out 
by either of two assumptions. 


Solution by Assumption Number 1. 
Neglect R,{ [(./2Ewt)/Z,]—1,}. Thedem- 
onstration that the solution is valid for 
low-power-factor circuits follows. 

If we write equation 1 in the form 


di; diz 
pee 
Ve = »/2E;sin X 


xX 
(oi tan7! =) —Rygts 


§ 


* This equation can be solved for ¢ because the dif- 
ferential equation 


d%yz, & R R diz RRs . _ Res 
dn, Sig Ee Ld Gr Lie oe 


can be derived from it (¢s=source voltage). The 
solution is of the form iz = Ki ©\it-+ K2€d2t+ steady 
state current. The initial and final conditions are 
the same. 1 and \2:come cut to be rather compli- 
cated functions of R, Rs, X, Xs, while Ki and K: 
are still more complicated functions of 1, A2 and 
the other variables. The final solution is difficult 
to work with, and as the more simple solutions 
give results sufficiently accurate for the purpose 
(especially in light of the fact that the basic as- 
sumption of a constant R introduces some error), 
only the simple solutions are given in complete 
form and the calculations will be based on these 
simple solutions. The values of Mi, A2, Ki, and Ka 


are given in Appendix V. 


Figure 3. Curve of 

H, as a function of 

H,, (or Hz as a func- 
tion of H,,) 
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and if we consider the current reversal to 
take place in such a short time that 
sin wi=of, 


Ett ees ie 
Te oe at =vi-5 25 
R, (v2#-i.) (4) 
$s 


Now this equation can be solved if we 
can neglect the last term. But if the cur- 
rent variation is sinusoidal so that 
i,=/2(E,/Z,) sin wt=+/2(E,/Z,)tw the 
last factor will be zero. If Z, is very large 
compared with Z, the variation will be 
substantially sinusoidal, the last term 
will be zero, and the equation can be 
solved. Of course, if R,=0, the last term 
will be zero and the calculation will be 
exact, even if the current wave is not 
sinusoidal. We can determine the rela- 
tive magnitude of error by solving the 
equation for 7,, and determining the rela- 
tive magnitude of the 7,R part of the last 
term which has been neglected. This will 
indicate the approximate amount of error. 
The ratio of this error to the other term 
/2(EsX3/Z;) will come out equal to 


Hf avg) 
X+X, witli t\ Sax 


x ae 
of = (¢-1-) | 


R 


Examples worked out for different circuit 
constants indicate that the maximum 
usual error will not exceed 20 per cent. 
Tests to be given indicate good agree- 
ment. 

Then we can write for Equation 4 


(4a) 


Eliminating 7, and iz by Equations 2 
and 3, 


de R(L+Zs) /2EsRw 5) 
nl ip gd tl 
ao FL, ". 
Solving this equation, using the initial 
condition that e=0 at wf= —6;, 
=e ( B ~aS he) 6) 
Z(X+X5) 


For small values of the exponent, 


R 
(0+-64) (7) 


$s 


To find the angle of saturation, 45, use 
the relation that e= N(d¢/dt)10~-8 


Gs ‘pm dd 
ed@ = w N—1078dt =2wNom10-8 
és = dt 


wNd,1078 ; 
En=—>=— _ (see Figure 2B) 
V2 
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So that 
Os 
ed0 =2/2Em, volts (8) 
—6a 


Integrating equation 6 from —6 to 4s, 
equating to 2\/2Em, and rearranging 
terms, 


2EmZsR xe) _R(X+Xs) (0s +0a) ve 
Es AX XX5 
R(X+Xs) (0s+0d) 
€. XXe —-1=H, (9) 


From equation 6 it is apparent that the 
peak voltage occurs at ,. Introducing 
an experience factor k, which will be dis- 
cussed further under test results, the peak 
voltage is 


ERX, __ R(X+Xs) (8s+8d) 
(=k aad ve ( 1— XXe 
Z(X+X5) 
(10) 
Let 
_ R(X+Xs)(0s+04) 
H,=1-€ XXs (11) 
Then 
2EXX 
ép=k V2EXXs (12) 
Z(X+X 5) 


It can be seen from equations 9 and 11 
that H, and H, are functions of the same 
parameter. It is then possible to plot 
Hy directly as a function of Hy. This 
curve is shown in Figure 3. H,, can be 
calculated from the first part of equation 
9, Hp read from Figure 3, and ey calcu- 
lated by equation 12. If the angle 0,16, 


CORE LAMINATION 
COIL 


Figure 4. Cross section of a core lamination 
magnetized by a primary coil 
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C/2 


Figure 5. Distribution of flux in a lamination 
as a function of the distance from the center of 
the lamination for three values of time 


See equation 46 


is desired, it can be found from equation 
11 as follows: 


XXs5 


Ost 0a=7 R(X+X;) 


radians (13) 


1 
log, ine 
Here the angle is divided by the experi- 
ence factor k; for whatever the peak volt- 
age is reduced by, the angle will be in- 
creased by, as is apparent from equation 
8. For accurate results this angle should 
be less than one-half radian. 


Solution by Assumption Number 2. Neg- 
lect L,[(./2wE,/Z,) —(di,/dt)]. The 
demonstration that the solution is valid 
for high-power-factor circuits follows. 

We may also write equation 1 in the 
form 


I3Rs +1ob a V3 E; sin («1+ tan) 


$s 
dis 


Le. 
* dt 


(14) 


or, as before, letting sin wt =wt 


Again it appears that the equation can 
be solved if we neglect the last term. 
Again, if is= +/2(Es/Zs)wt so that dis/dt= 
/2(E;/Z,)w, the last factor is zero, so that 
this equation is also valid if the series 
impedance is so high as to maintain sinu- 
soidal current. And obviously it is valid 
for Ls=0, but not for R;=0, so that the 
solution will be valid for high-power-factor 
circuits. 


Then we may write equation 15 with- 
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Figure 6. Curve of 


See equation 48 


out the last term, and again eliminating 


ts and 1, by use of equations 2 and 3, we 


get 
Pd RR 
dt (RstR)L Z;(Rs+R) 
At of = —6q, e=0, 
__BRs(9+0d) 
=e —€ (RstR)X ) (17) 
Ze é 

For small values of the exponent, 
SPA /OE RR, © 
€= 7 (RR) (0+6a4) (18) 


Comparing with equation 7, it is seen 
that the two methods result in the same 
voltage if R; is large compared to R. 
Integrating equation 17 from —6, to 4s 
as in equation 8, 


2EmZsRRy _ RRs Os+0a) 
(Rst+R)X°E, (Ret R)X 
__ RRs (9s+0d) 


€ (Rstk)X —1=H, (19) 
and 
: _ RRs(6s+0d) 
Hg=1—€ (Rst+R)x (20) 


H, and H, are of the same form as in 
equations 9 and 11 but are functions of a 
different parameter. Introducing the 
experience factor k, equation 17 becomes 


2E.X 
Be 


Z, (21) 


é 
It is evident that Figure 3 also may be 
used to evaluate H, and H,. Method 1 
above is exact for Rs equal to zero and 
method 2 is exact for Xs; equal to zero. 
The calculated voltages for intermediate 
power factors will be too low by either 
formula unless the series impedance is 
high enough to keep the source current 
sinusoidal. If the peak voltage is cal- 
culated by both methods, the larger of 
the two answers should be correct within 
a reasonable degree of accuracy. 

From Figure 3 it is evident that the 
straight line relationship 


Hp=~V 2H (or Hy=~V 2H) 


(22) 
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is entirely adequate if H,, or Hy is less 
than one-tenth. That equation 22 is the 
exact relation for low values of the vari- 
ables can be demonstrated by expanding 
the expressions for H, and H,, from equa- 
tions 11 and 9 in infinite series, retaining 
only the lowest-powered term in each, and 
then eliminating the parameter between 
the two equations. Substituting the value 
of H,, from equation 9 into equation 22, 
and this value of H, into equation 12, 
gives 


(Seat) 
aks anor, 
s 


(23) 
It can be shown that this same equation 
holds for method 2 for a high-power-factor 
circuit if Rs is large compared with R. 
From equations 7 or 18, it is evident that 


CORE LAMINATION 
COIL 


Figure 7. Cross section of a core lamination 
subjected to very large magnetomotive forces 


The flux travels as a wave from the surface to 

the center. There has been little flux change 

in the area 1; in the relatively narrow strip 2, 

the flux is changing; and in the area 3, the 
iron is completely saturated 
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K, as a function of K, 


RAEN ma 
the voltage wave shape is essentially tri- 
angular.* 


To get the root mean square voltage, 
we can write Jaa 


Os ) ; 1/ 
ie car= Jo Sn) lk 
6d 2 Zs 


(0;+04) =2+/2Em (24) 


2f EmZe\'/* 
atten il ne) radians 
& 


The expression for the voltage e¢ can be 
rewritten as follows, where e, is the peak 
value as given by equation 23: 


(26) 


To find the root mean square value of this 
voltage, the value of e is substituted in 


the following formula and evaluated. 


1 Os - 1/2 
rms = ei ei ) (27) 
™"J-0a . 
Os+0a\'/2 ' 
me( tts ‘) volts (28) 
3a 


The values from equations 23 and 25 can 
be substituted in equation 28. 


Be a 
€rms = a 
rms= Vk V3 -( Z, 


1/, 
) E,/* volts (29) 


4 


The watts loss in the core would be 


ey ee 
Be ae ow = Em/* watts (30) 
& 


It is possible to express these equations 
directly in terms of the material constants. 
Using the values for E,, and R developed 
in equations 69 and 74, Appendix I, 
equations 23, 25, 29, and 30 may, be 
written as follows: 


£2 g.95 Bue) (NEs\ 
NA c We 
10-4 vperturn persqem (31) 
Bm\/ 
0.485e(* 2) 107! 
ES NE ee radians (32) 
Ze 
oe a Ry p'!*(wBm)./4( NEs\/* 
NA : ile Wh 
10-* v per turn persqem (33) 
W Bm)'/*¢f NEs\'/2 
— = 20.29 ae : 
G p/*6 Wage 
10-2 w per gram (34) 


* It is interesting to note that X does not appear in 
equation 23. This is a consequence of neglecting the 
additional terms of the form 1/7![(R/X)(@s+6a) |” 
in the expansion by series to get equation 22. If 
X were very small, this could not be done. In 
effect, X has been assumed to be infinite with re- 


spect to R(@s+6a), and in many problems this will, 


be true. Therefore the voltage does not depend on 
X. This means that the change of flux in the core 
is limited entirely by the eddy currents, the per- 
meability of the iron having a negligible effect. 
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(25) — 


~ 


Meruop B 


As was mentioned earlier in this paper, 
high rates of change of flux in the core 
cause eddy currents which materially dis- 
tort the flux distribution in the lamina- 
tion. It is possible to write exact equa- 
tions for the flux distribution in the 
lamination, assuming constant perme- 
ability. The condition is actually much 
different and vastly more complicated by 
the gradual yet enormous change in 
permeability. However, this solution 
will be used if the permeability value is 
chosen with this limitation in mind. In 
so doing, the mathematical analysis will 
be simplified if the flux density through- 
out the lamination is considered initially 
to be zero, instead of minus $m, and to 
rise from zero to twice its saturation 
value. 

It would be expected that the peak 
voltage would occur when the surface of 
the lamination was just saturating. 
Figure 4 shows a single lamination of steel 
of thickness ¢ and mean length of flux 
path J, It is assumed that the lamina- 
tions are insulated from each other ade- 
quately and that the width of each lami- 
nation is large compared with its thickness. 
What occurs in this one lamination occurs 
in all of the others. This lamination is 
linked by a primary coil of N turns carry- 
ing an effective alternating current of J; 
amperes. Itis assumed that the transient 
will occur in a sufficiently short time that 
the slope of the current wave may be as- 
sumed constant and equal to its value at 
current zero. The equation for the pri- 
mary coil magnetomotive force will be 


0.49+/21 Nut 


; (35) 


oersted 
To agree with the change of flux from 
zero to twice maximum, this magneto- 
motive force will be assumed to be ap- 
plied to the core at zero time. Let x be 
the distance out, measured from the cen- 
ter of the lamination; let H, be the 
magnetomotive force at the center of the 
lamination; and let 7’ be the eddy cur- 
rent density at any point in the lamina- 
tion. The magnetomotive force at x is 


‘xi! 
hatter oan fi dx oersteds (36) 
0 
a 5 4, 2" : 
dx? Ox a 


The induced voltage gradient in the lam- 
ination at any point x is 


*OB 


age dx (38) 


0 


B=wzh (39) 
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uf —8 x 
4’ see — au z eh dx (40) 
p p Jo ot 
ime eee (41) 
Ox po 


Substituting equation 41 in equation 37, 


d% O.4mul0-8 Oh 


42) 
ox? p ot 


Since at the surface of the steel there will 
be no eddy currents to prevent the flow 
of flux, the magnetomotive force at the 
surface will be equal directly to that of 
the coil as given by equation 35. The 


Xs 


2 
Es | 


Qe phere 
Figure 8. Test circuit for measuring peak 
voltages 


The'saturating reactor is 1, on which is wound 

a search coil, 2. The air-core loading reactor 

is 3, and 4, 5, and 6 are oscillograph ele- 
ments 


solution of equation 42 for these condi- 
tions (see Appendix IIT) is 


0.494/21,Nw pdt a 
hen rs (—1)*x 
sel 
2 
16 0.4m10-8/c Qs—1 rx 
(O55 1)tet actA ND (- 2 a 
2 


ms (25 — 1) 22 p t 
(: —€ 4 0,4, 1078 we) (43) 


Let 
hl 


ete ee 
A 0.40. DLNan 4) 
: 0.411078 @) (45) 
2 


Rewriting equation 43 using these values, 


S=a @ 


16 
Ky=1+ >, (-))' ——-—— 
® 2d ( ” Gm 
(25-1) mx 
cos Sears fas eaines 
c/2 tin! @: Aan GR (46) 
K, 


Figure 5 is a plot of equation 46 for vari- 
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ous values of K, The total voltage in- 


‘duced in the coil would be 


, 1 
8 c/2 
Pe BUS io oh on (47) 
c p ot 


2 
Substituting the value of h from equation 
43 and simplifying by substituting X an 
K, for their equivalents, 


é 8 
Ki SS ae oe 
* V/21,X x (2s—1)?x? 
(2s —1) 2x3 ; 
6) 46 eae 


Figure 6 is a curve of K, as a function of 
K;. It can be seen that for large values of 
TS Ke — 1 ; 


e=/21,X 


In Appendix IV it is shown and from 
Figure 6 it can be seen that for small 
values of the variables, 


(49) 


2 
K,=—=v K 
é </_ t 
If the values for p and yw from equations 
75 and 72 of Appendix I are substituted 
in equation 45 and this value of K, sub- 
stituted in equation 50, 


(50) 


(51) 


Comparing this equation with equation 7, 
this equation is seen to vary as the square 
root of time whereas equation 7, using 
the equivalent circuit, varies directly with 
time. 

To find the angle at which the surface 
saturates. it is evident that the magneto- 
motive force at the surface is equal to 
that of the primary coil. From equation 
37 then, 


0.49+/2I,Nets 


=2Bn, 


(52) 
Substituting the value of u and B,, from 
equations 72 and 70 of Appendix I in 
equation 52, 


2 
6.= Zim 
I,X 


(53) 


Substituting this value of 0, in equation 
51, 


16I;REm\'/* 
tg=( = (54) 


37 
Comparing this equation with equation 
23 for the equivalent circuit analysis, the 
form is seen to be identical, except the 
coefficient, which is only 46 per cent as 
large. 

Equation 54 is valid as long as the 
value of K, at the time the surface satu- 
rates, or Kjs, is less than three-tenths. 
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~~ 


ty 


HS OUONNED 


SO ae 


PSs ee ee 


(55) 


lowing example, which represents an 


_ average low-voltage current transformer, 
using a relatively low value for the per- | 
_ meability. 


w=377 - p=60 microhms per 


“u=1,000 cm cube 
Bm=12,000 gausses NIJ;=1,200 ampere 
c=0.033 cm turns 

1=51 cm Ky =37.8 


Solving equation 44 for h, the flux den- 
sity becomes 


9 K 
| Bs=ph=pArv/21,Not = 


Referring to Figure 5, if K, exceeds 


_ one, the value of K;, will be between 0.55 


and 1.0 so that the flux at every point will 
be at least 55 per cent of the maximum 


- value. Considering that pu usually is not 


known within a factor of two, B might be 
considered to be uniform for all practical 
purposes. Since method A is based on 
uniform distribution of flux, we can say 
that when K, exceeds unity, the flux dis- 
tribution is sufficiently uniform that 
method A applies. In the example 
given, K, will exceed unity after a very 
small fraction of the transient time has 


~ elapsed, and thus method A will be ap- 


plicable. 

The permeability is, of course, higher 
than 1,000 over part of the transient; 
however, it has been found that up to 
1,000 ampere turns (rms) per inch, 29- 
gauge laminations, 60 cycles, the effect of 
nonuniform distribution of flux is slight 
and that method A with the 0.85 cor- 
rection factor is satisfactory. Above this 
value the correction factor decreases to 
a minimum of six-tenths at very high 
ampere turns. 

Not included in this paper is the effect 
of capacity in the windings, which also 
begins to take effect when the peak of 
voltage is very short. 


Penetration of Flux Into the Lamina- 
tion. After the surface of the lamina- 
tion is saturated, the reversal must spread 
into the center of the lamination in some 
manner. Figure 5 is a curve drawn to 
show the flux distribution for various 
rates of change of flux. It is apparent 
that the more rapidly the flux changes, 
the less the penetration of the flux into 
the center of the lamination. Also, the 
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All the factors in equation 55 are constant 

except the permeability u. This varies 7 
_ over quite a range over the region of 
_ operation. Ky; is evaluated for the fol- 


Figure 9. 


p i" 


VOLTS, RMS 


By a6 


| 2 i) 
AMPERES, RMS 
Iron-core reactor excitation curve 


The actual curve is 1 and the assumed theo- 

retical curve is 2. For a reactor with no air 

gaps, E,, is approximately the point of tan- 

gency of a line drawn tangent to the knee of 
the curve such that tan 6 =(tan a)/10 


width of the zone in which the flux is 
changing becomes smaller the more 
tapidly the change is made, and as a limit 
the wave front is almost vertical. As 
soon as the surface is saturated, the flux 
wave will start to penetrate the steel. 
During this period the material can be 
divided into three zones: the center where 
there is little flux, the wave-front zone 
where the flux is changing, and the outer 


213 wn ti 
Bole. | 
aol_|_| 


+t 
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Figure 10. Peak voltage of a saturating re- 
actor 


1—Calculated curve for reactor only, using 
equation 12 

9—Calculated curve for reactor only, assuming 

forcing of flux to surface of lamination, using 
equation 56 

3—Test curve of reactor only which follows 

calculated curve 1 up to high values of current 

where it begins to bend over and approach 

curve 2 
4—Calculated curve of reactor shunted by 
a 0.9-ohm resistor using equations 12 and 68 


5—Test curve of reactor shunted by a 0.9-ohm 
resistor which follows the calculated curve 4 
quite well 
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zone where the iron is saturated. The 


wave-front zone must travel in from the 


surface to the center. However, it must. 
_ travel in with such a speed that it will 


induce enough voltage in the saturated 


zone behind it to circulate enough cur-. 


tent to nearly balance the ampere turns 
of the primary coil. Enough ampere 
turns must be left over, though, to provide 
the magnetomotive force necessary for 
the wave-front zone. In the usual case, 


_ this will be small, and the generalization 
can be made that the eddy currents in — 


the saturated zone must balance the pri- 
mary ampere turns. If the flux travels 


in with a velocity of v centimeters per 
second, referring to Figure 7, the flux in 


the saturated zone in a strip one centi- 
meter wide would be z 


(56) 


The voltage gradient in the saturated 
zone would be 


e! = (db,/dt) 10-8 =2Bmv10-8 volts (57) 


The current density in the saturated zone 
is 
1’ =e'/p amperes per sq cm (58) 
The total current in the saturated zone is 

2B,,v1078vil 
= ee 


a'vtl (59) 


This is equal to the primary ampere turns . 


2QBmv*10-8H1 


=+/2IwtN (60) 
(ee ‘/2 oe 8 : 
2S “SS centimeters per secon 
V2Bml 


(61) 


The total voltage induced in the primary 
coil will be 


A 
e= Ne’ — 


o/8 (62) 


If the value of v from equation 61 is sub- 
stituted in equation 57, and this value of 
e’ from equation 57 substituted in equa- 
tion 62, and if the values of p and By, 
from equations 75 and 70 of Appendix I 
are substituted in this equation for e, 
the peak voltage becomes . 


4I-EmR\'/2 
ep= Thea volts 


This is seen to be a value 12 per cent lower 
than that given by equation 54. 

The voltage given by equaticn 63 is a 
flat-topped voltage. It is to be expected 
then that if a direct-current voltage were 
applied to a reactor, the current drawn 
would increase linearly with time, 


t = a/ Qual st 


(63) 


(64) 


TRANSACTIONS 259 


. f 2 

% 2 oa , 
ba ' Pi ' 
‘ f 


Substituting the value of J; from equa- 
tion 63, 


TR ee Oy 
t= E,,R Pp 


Shunting of Reactor With a Resistor. 
The open-circuit voltage of a current 
transformer can be controlled by connect- 
ing a resistor to the secondary terminals. 
The value of the resistor can be very high 
relative to any normal burden so that its 
normal shunting effect is negligible, and 
yet considerable reduction in voltage may 
be obtained. Short-circuited bands of 
resistance metal sometimes used for phase- 
angle correction have exactly the same ef- 
fect. The effect can be calculated by 
considering this resistor to be in parallel 
with R (see Figure 2). The effective re- 
sistance of the burden resistance and the 
core resistance in parallel is 


RR _ oR 
R ae 6 
otR ie (66) 
Rp 


From equation 66 it is seen that the new 
effective resistance is the core resistance 
divided by 1+(R/R;). 

From equation 23 it is seen that the 
peak voltage with a shunt resistor is 
equal to the peak voltage without, di- 
vided by the square root of 1+(R/R;). 

From equation 29 it is seen that the root 
mean square voltage with a shunt resistor 
is equal to the value without a shunt re- 
sistor divided by the fourth root of 
1+ (R/R)). 

These formulas are applicable only to 
method A where the core resistance can 
be separated out. Ifa resistor of any size 
shunts the reactor, it usually will make the 
formulas of method A even more appli- 
cable, as the eddy currents and flux are 
definitely separated. 


Test Data 


Tests were made on a small ring-type 
iron-core reactor on alternating current to 
determine the peak voltages developed at 
various values of current. Tests also 
were made with the reactor shunted by a 
resistance to determine the effect of the 
resistor in reducing the peak voltages. 

The circuit used is that shown in 
Figure 8. The series inductance for 
loading the circuit was an air-core reactor 
to make certain that it would have linear 
characteristics. A search coil was wound 
on the iron-core reactor and connected to 
an oscillograph element. The resistance 
of the oscillograph circuit was kept high 
so that its shunting effect on the peak 
voltages would be negligible. The line 
current and voltage also were connected 
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(65) 


tor 


Figure 11. Oscillo- 

grams of peak volt- 

age of a saturated 
~ reactor 


Part A is for a reac- 
only; 1/,=5.8 
amperes root mean 
square, 60 cycles; 
and the peak voltage 
is 9.1 volts 
Part B is for the reac- 
tor shunted by a 0.9- 
ohm resistor; I= 
11.75 amperes root 
mean square, 60 
cycles; and the peak 
voltage is 5.9 volts. 
Part A shows. flat- 
tening of the peaks 
of voltage from ini-: 
tial saturation of the 
surface and gradual 
penetration of the 
flux reversal. The 


minor peaks of voltage are caused by overtravel in the oscillograph. Part B corresponds to 
Figure 2C 


to oscillograph elements. Tests were 
made on the reactor, measuring the cur- 
tents and the peak voltages developed. 
These tests were rerun with a resistance 
shunted across the test reactor. 


Data for the circuit are as follows: | 


Power supply: 60 cycles alternating cur- 
rent, 0.2-ohm reactance 


Air-core series reactor: 5.5 ohms 


Test reactor: 


Turns, VN=16 
Losses at 0.483 volts 


VA =0.159 volt-ampere 

W (total) =0.129 watt 

W (eddy) =0.049 watt 
VAR=0.0925 volt-ampere reactive 


Excitation curve per Figure 9 
Shunt resistor: 0.9 ohm 


The results are given in curve form 
in Figure 10. Typical oscillograms are 
shown in Figure 11. It was found that 
the best correlation was secured between 
calculated and test data if a factor of 0.85 
was used for k. 


Calculations 
Test reactor constants: 


E2 
ete (0.483)?/0.049 = 4.77 ohms 


é 


2 
X= 
VAR 
From Figure 9, E,, =0.875 volt 


= (0.483)2/0.0925 =2.53 ohms 


Calculations by sinusoidal voltage, 
method A: 


1. J;=5.8 amperes, no shunt resistor 


Specht, Wents—Peak Voltages 


Lgn Enel XE Ke) 


z. Rx 
_2X0.875X4.77(2.58+5.7\* _ 1 4 
» 5.8 2.53X5.7 : 


ww ee er en Aight are 95 


From Figure 3, H,=0.68, and using 


equation 12 for eg, 
/2E XX 
Z(X+X5) 

/2X5.8X2.53 X5.7 


€y =0.85-——__——— 0.68 = 8.3 
. 2.58+5.7 vane 


e€p=k iy 


2. J;=11.75 amperes with 0.9-ohm shunt 
resistor 


__RR» 
R+Ry 
= 0.755 ohm 
Hm=0.0366, Hp=0.25 
/2X11.75X2.53 X5.7 
2.53+5.7 


‘ 


=4.77 X0.9/(4.77-++0.9) 


€p=0.85 
0.25=6.2 volts 
Calculations by simplified equation 23: 


1. No shunt resistor: 


ep =kV 81, EmR =0.85V 81, X 0.875 X4.77 
=4.9~/T, volts 
2. With 0.9-ohm shunt resistor: 


4 OV Te yO 


ep = 1. = We 
(+2) (1422) : 
Ry 


0.9 
=1.95°/T, volts 


Calculations by flux distribution, 
method B; 
16I;EmR\/2 
ey= (Sak) =2.66V I, 
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T ble I. . Peak Secondary Open-Circuit Voltage Developed by Typical Current nants 
se formers With ee Per Cent Primary Current, Maintained Sinusoidal, 60 Cycles 


* Multiratio bushing type for use on 46-kv bushing. 


_ These calculated curves also are placed 
on Figure 10. 


= 


a The curves of Figure 10 which were cal- 


- culated from method A (assumed uniform 


flux density in the lamination) show good 


_ agreement with the tests except at the 
_ higher values of current. At the higher 


values, the effect of crowding the flux to 
the surface becomes more noticeable. 


_ Presumably, at still higher currents the 
_ minimum value which would be calcu- 


lated by method B, 46 per cent of that 
given by method A (when K=1), would 
be approached. The oscillograms all in- 
dicate a flattening of the top of the 
wave at higher currents, confirming the 
fact of a nearly uniform rate of flux 
change as the reversal travels in from the 


surface. 


When the reactor is shunted by a resis- 


tor, accurate calculations are possible. 


. 


The voltage peaks are nearly true tri- 
angles. 

The method for fairly exact calculation 
of peak voltage will permit design of ap- 
paratus for minimum values of voltage, 
as far as possible, and design of proper 
protection against these voltages. One 
of the useful results of the method is that 
the energy available in the voltage peaks 
can be determined. 

Table I lists the maximum open-circuit 
voltage that can be developed at rated 
current in certain typical current trans- 
formers. The voltage varies approxi- 
mately as the square root of the current. 


Symbols 


A =net core area, sq cm 

B=instantaneous flux density, gauss 

Bm=maximum flux density, gauss (Figure 2) 

c=core lamination thickness, cm 

e=instantaneous voltage of reactor, volts 

€p = peak induced voltage of reactor, volts 

érms =root mean square value of reactor peak 
voltage, volts 

e’=eddy voltage gradient in lamination, 
volts /centimeter 
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Current Accuracy Peak 
Ratio Rating Voltage 
200/6ar x. naa OBoSOvlaO 27, RE 175 
5/5-600/5.........6. OY De ExoQial Ol Oi erate ayetiot aie \eiare 475 
5/5-600/5.........- POF 8-B-O)15 (OND; evap tae « elsiere 1,800 
2500/5 sc icierare eee 053-B-0.15'0).6,:2)syetaw aves 0 aie 11,000 
1200/5" ~ tdvecmectos 2.5-L-400 Oc DOS DORGBDG 6,700 
5/5-800/5....0 22255 O.3-B-OF MOS G5 2 dieters cre tisteve cla 7,300 
5/5-800/5........... O53-B-O. T5055, 2:2). Scie ase. 8,300 


H;=system root mean square voltage, volts 

Em=root mean square voltage reactor will 
induce, volts, at B,, normal frequency 

G=core weight, grams 

h=instantaneous magnetomotive force in 
lamination, oersteds 

Am, Hyn=see equation 9 and equation 19, 
respectively 

H,=instantaneous magnetomotive force at 
center of lamination, oersteds 

Hy, Hy=see equation 11 and equation 20, 
respectively 

7;=instantaneous current through equiva- 
lent R of reactor, amperes 

tz =instantaneous current through equiva- 
lent Z of reactor, amperes 

7;=instantaneous system current, amperes 

«’=eddy current density in lamination, am- 
peres per square centimeters 

I;=system root mean square current, am- 
peres 

k =experience factor for peak voltage, about 
0.85 

K,=see equation 48 

Ky,=see equation 44 

K,=see equation 45 

Kys=see equation 55 

1=mean length of flux path, centimeters 

£=equivalent inductanceforreactor, henries 

L;=system inductance, henries 

N=reactor turns 

R=equivalent resistance for reactor, ohms 

Ry=resistance of shunt resistor, ohms 

R;=system resistance, ohms 

t=time, seconds 

v=velocity of flux wave, centimeters per 
second 

W = core loss, watts 

W,=eddy component of core loss, watts 

x=distance as measured from center of 
lamination, centimeters 

X =equivalent reactance for reactor, ohms 

X;=system reactance, ohms 

Z;=system impedance, ohms 

5=core density, grams per cubic centimeter 

6=wot, radians 

63g=angle before current zero at which core 
desaturates, radians 

6;=angle after current zero at which core 
saturates, radians 

u=core permeability 

p=coreresistivity, ohms per centimeter cube 

¢=total flux in core, lines 

$m= Maximum total flux in core, lines 

w=27 frequency, radians per second 
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Appendix I. Reactor Constants 


: \ 
At low frequencies, the equivalent cir-— 
cuit for the reactor is as shown in Figure 2, 


with an inductance and resistance in 
parallel. The primary definition of Em, 
the maximum alternating voltage at sys- 
tem frequency that the reactor will induce, 
will be taken as equation 8. Using this 
as the definition has the advantage that if 
any correction must be applied to the theo- 


retical values of the peak voltage, the dura- 


tion of the pulse will be known to change 
in the opposite direction approxi- 
mately the same percentage. This follows 
from equation 8, for the area under the 


voltage curve is a constant, regardless of — 


the shape of the voltage curve. It usually 
will not be convenient to determine Em 
in this manner, but from the sample tests 
it was found that the construction shown 
in Figure 9 gave a value of Em that agreed 
with the oscillograms. Referring to Figure 
9, a curve is drawn with the alternating- 
current voltage as a function of the alter- 
nating-current exciting current on rec- 
tangular-co-ordinate paper for a core with 
no air gaps. A line then is drawn tangent 
to the knee of the curve with a slope one- 
tenth the slope of the initial straight part 
of the curve. The point of tangency then 
gave Em approximately. 

The equivalent reactance X and the eddy- 
loss resistance, R, of the reactor can be 
determined from values of J, E, W (total 
watts loss), and W, (watts eddy-loss) cor- 
responding to some convenient point on 
the initial straight part of the excitation 
curve. 


V3 ohms (67) 


1@-@)] 


2 
=— ohms 
€ 


The values of Em, X, and R can be cal- 
culated from material constants, or the 
material constants can be calculated from 
test results by the following formulas: 


(68) 


NB mA10-8 
sy wee volts (69) 
Bn=~V2Em/eNA 10-8 gauss (70) 
X =00.4rN2uA 1078/] ohms (71) 
p=X1/(w0.4rN2A4 1078) (72) 
F? NBA 1078)? 
eC 
R 2R 
w2BAc2 10= 16 
=(d1A) | watts (73) 
245p 
R=12N?Ap/(Ic?) ohms (74) 


p= Rlc?/(12.N2A) ohms per centimeter cube 
(75) 


Appendix Il. Calculation of 4, 
To calculate the angle at which the core 
starts to desaturate, 


Bm =0.40rNip/1] (76) 
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For time near current zero, the equation for 
the line current is approximately 


is=~V/ 2ol st 
t=6 pee hn lh 
ie, ©: OA Nus/ 21, 


Substituting the values of Bm and » from 
equations 70 and 72, 


(77) 


(78) 


(79) 


E 
04= Te radians 


Appendix Ill. Solution of 
Equation 43 


Referring to “Mathematics of Modern 
Engineering,” by Doherty and Keller,® 
page 282, the partial differential equation 
of a cable with distributed constants of 
series R and shunt C per unit of length is 
Oe oe 
SAS Oe 80 
ox? ot 0) 
Comparing with equation 42, these are seen 
to be identical if 


i 0.474 1078 
p 


RC (81) 


Since the terminal conditions are the same, 
the solution for voltage on a cable may be 
used for the solution of magnetomotive 
force for iron if the above substitution for 
RC is made. 

The foregoing reference gives the solu- 
tion on pages 285-7 for a unit function 
voltage applied to a cable of finite length 
with the receiving end open-circuited. The 
solution desired is that with a voltage which 
increases uniformly with time. This can be 
found very simply from the preceding solu- 
tion by the following method. On page 
286, equation 339 is given for the opera- 
tional solution for voltage: 


E cosh nx 
e=———-] (82) 
cosh ul 


The solution desired for a voltage that in- 
creases linearly with time would be of the 
form 


E’t cosh nx 
e=—————_ ] (83) 
cosh nl 


The operational form for ¢ is 1/p, though 


Be E’ cosh nx yi 
Pp cosh nl (84) 
The solution of equation 84 is 
t h 
e=E! (= oe 1a (85) 
9 \cosh nl 
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Hence if the solution on page 287 is inte- 
grated from zero to #, it will be the solution 
for a voltage that increases linearly with 
time. This leads directly to equation 43. 


Appendix IV. Solution of 
Equation 50 


It is not at all evident from an inspec- 
tion of equation 48 that it does approach 


equation 50 for low values of ¢. Letting 
2?=K; in equation 48, 
weir es (23 — 1) 2 822 
dKe oe: ees od 4 (86) 
dz w* oa 4 


If z approaches zero, this can be replaced 
by the integral 


a) (2s-+1) 2m 22? 4 
Beg [en bee 
dz iG mz 2 


(87) 
= 88) 
dz Va ( 
And for values of z near zero, 
22 V Kt 
VG ie De 89 
e a+ Ve a+ We ( ) 


To show that c; is equal to zero, substitute 
in a point on the straight part of the curve 
of Figure 6. 


Appendix V. Complete 
Solution for i, 


If es=+/2E; sin (wt+y), and if it is as- 
sumed that the line current has returned to 
its sinusoidal value after the peak during 
the previous half-cycle, the current through 
the equivalent inductance L is 


V2E s 


ip = Ki + Kye!+ 


sin (wt+y—) 


Zt 
(90) 
w= tan™! (X5/Rs) (91) 
Rk Sk: 
s AX Xz 
B= tan~! — (92) 
Rs 
a —1 
XvX; 
RX (Ry a aR NA 
41> 
rR | (3+2+2:) * 
€ R; 27]'/2 
—-—-—] 
hae eae ] se 


Specht, Wentz—Peak Voltages 


Ree he R Rs i/, : 
Next bar? il a 


RR R\ [RR 
(Gt) ex) 9 


Ad 
V2Ew Me 


Ki= ol x 
[se ictte sie 
Z; wZs 
Xe sin ates (96) 
wl 
were fax 
a Nr 
[= (—0at¥—6) Asin 6g _ 
Zt wZs 
d1 sin ee? | (07) 
wl 


Z,= (R%4+X*)'? (98) 

64 is found from equation 79. To use 
equation 90, the time of saturation, fs, is 
found by setting J, equal to + /2 Is sin 64 
and solving for ts. The peak voltage is the 
value of L(diz/dt) at ts. There appears to 
be no simple manner in which to secure fs, 
and the nature of the problem does not 
warrant the labor as compared with the 
approximate methods developed in the 


paper. 
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A Tunable Rejection Filter 
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Synopsis: The theory and design of a tun- 
able bridge-type narrow-band rejection filter 
are given for the general case, considering 
elements with dissipation. Range of ad- 
justment and effect of manufacturing varia- 
tions are discussed with the help of imped- 
ance circle diagrams. Approximate attenua- 
tion formulas for various levels of attenua- 
tion are derived, and a convenient graphical 
method of studying performance is sug- 
gested. A formula for the effective width of 
a special arrangement of two filters in tan- 
dem is derived. 


N COMMUNICATION and _ allied 
branches of electrical engineering, it is 
frequently necessary to use a filter with a 
narrow stop band to reject a single inter- 
fering frequency. It is the purpose of this 
paper to describe the theory of operation 
and methods for design and reduction to 
practice of such a device which has proved 
to be valuable at frequencies from 1,000 to 
20,000 cycles per second. The principles 
of the device are equally applicable at 
much lower! and at much higher fre- 
quencies. 

The familiar bridge circuit of Figure 1, 
frequently employed as a delay circuit, is 
the basic arrangement for the narrow 
band rejection filter. An elementary ex- 
planation of the device? sets forth that 
each of the bridge arms is resonant at the 
reject frequency and the inevitable dis- 
sipation is such that the four arms become 
equal resistances at the reject frequency, 
and the bridge is therefore balanced and 
the undesired frequency rejected. The 
impedance circle diagram of Figure 2 il- 
lustrates this concept. In the practical 
case, resistances are functions of fre- 
quency, and although the line and circle 
loci are distorted, the distortion is not 
enough to destroy the usefulness of the 
concept, since most of the distortion is in 
those parts of the loci far from resonance. 
The circle applies to the parallel resonant 
arms and the vertical line to the series 
resonant arms. The familiar half-energy 
points of the resonance curve are found at 


- the intersections of the 45-degree lines 


with these loci, which Kennelly has called 


Paper 46-23, recommended by the AIEE committee 
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the quadrantal points.* Both loci contain 
arrowheads to indicate the direction in 
which the tip of the impedance vector 
moves as the frequency increases. The 
narrowness of the stop region near the 
balance point 6b is a function of the veloc- 
ity with which these vector loci are 
traced as the frequency is varied. Since 
they are traced most rapidly near reso- 
nance, which occurs at b, and particularly 
since they are traced in opposite directions 
near the balance point, a very narrow 
stop band is realized, the width of which 
is found to vary inversely as the circuit Q. 
A device of this kind rejecting 1,100 cycles 
per second has been inserted in a telephone 
circuit with negligible loss of intelligibility. 

The construction of such a device with 
the line exactly tangent to the circle and 
the resonance of all arms of the bridge 
occurring at the same frequency is dif- 
ficult and unnecessary, since closely simi- 
lar performance can be realized with the 
balance condition illustrated in Figure 3. 
In Figure 3, the balance point does not 
occur at resonance, and the series and 
parallel circuits have different resonant 
points shown at r; and 72. There are two 
possible balance conditions indicated by 
the intersection points b; and b:, and 
either can be obtained by adjusting the 
resonant frequencies. The impedances of 
all four bridge arms at balance are equal 
both in magnitude and angle. This pro- 
cedure requires much less accurate con- 
trol of the resistance, which is often less 


Figure 1. 


Taylor—Tunable Rejection Filter 


Basic circuit of the rejection filter 


predictable than the reactance, and as- 
sures a balance, since a balance is always 
possible if the line and the circle intersect. 
If the tangent condition is attempted, any 
increase in dissipation results in the sepa- 
ration of the two loci, and no balance is 
possible, although some attenuation can 
be obtained where the loci are nearest 
together. 


Range of Adjustment 


A considerable range of reject frequen- 
cies is obtainable with any given set of 
coils. Consider, for example, a coil that 
has no dissipation other than d-c resist- 
ance. The position of the straight line 
locus then is independent of frequency. 
The diameter of the circle locus is propor- 
tional to the square of the resonant fre- 
quency according to the equation, 


Resonant resistance =w2L?/Rp¢ 


If a rejection filter of this type, operat- 
ing as shown in Figure 3, is tuned to suc- 
cessively lower frequencies, the circle 
locus will decrease in size until the tangent 
condition of Figure 2 is reached. With 
any further decrease in frequency, the 
loci will separate and no balance will be 
possible. If the frequency is increased 
above that corresponding to Figure 3, the 
diameter of the circle will increase as the 
square of the frequency, and the balance 
points b, and be will become farther and 
farther separated from the resonance 7. 
Balance is still possible, since the loci 
intersect, but it is not usually desirable 
to use this condition, since it produces an 


Impedance diagram, limiting case 


Figure 2. 
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Figure 3. Impedance diagram, general case 


effect very similar to reducing the Q. If 
an arbitrary standard were set up requir- 
ing the parallel resonant resistance to be 
not more than twice the series resonant 
resistance (line passing through center of 
circle), then the frequency range of adjust- 
ment in this case would be limited to +/2 
to 1. However, as bad a condition as this 
is seldom met in practice, and a range of 
adjustment approaching two to one is 
practicable in most cases. The range real- 
ized depends on the variation of dissipa- 
tion with frequency and on the need for 
maximum narrowness of stop band. 
Theoretically, infinite range of adjust- 
ment is obtained when the product of 
the series resonant and shunt resonant 
Q’s is constant. As an illustration, let 
the dissipation of the series resonant cir- 
cuit be a series resistance independent of 
frequency and the dissipation of the par- 
allel resonant circuit be a shunt resist- 
ance independent of frequency and, of 
course, slightly larger than the series re- 
sistance. This results in constant prod- 
uct of the Q’s and is also the condition 
for no distortion of the loci, and resonant 
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_ sults. 


feck any Wears with ae Ace re- 
Practically, such a combination 
of properties is seldom available without 


loss of stability or circuit Q, and one is 


likely to find the resonant resistance of 
desirable components varying with the 
frequency, introducing some distortion 
of the loci and limiting the range of ad- 
justment to about two to one. 


Practical Circuit Arrangement 


In practice it is usually preferable to 
modify the circuit of Figure 1 to that of 
Figure 5, where inductances with the 
same letter designations are on the same ~ 
Imperfect coupling between wind- 


core. 


Practical circuit of the rejection 
filter 


Figure 5. 


ings is not often serious, the principal ef- 
fect being the inclusion of a series induc- 
tance in the parallel resonant branches. 
Since at frequencies much greater than 
balance frequency, the useful frequencies 
flow to the receiver through the parallel 


Figure 4 (left). 

Tandem filter show- 

ing trimmer capaci- 
tors 


Figure 6 (right). 
Attenuation of sin- 
gle rejection filter 


Taylor—Tunable Rejection Filter 


~ not severe, 


ductance is a on 
or greater; oe cage i 
easily be made a pail 
total; and consequently a wide j s ba 
Cy will ye 
It has been found convenient to 
transformation Tatios that see; t 


usually desirable to use trimmer ee: = 
tors which permit about one per cent 

adjustment of capacity (Figures 4 and 5). 
Larger air capacitors with precision 
mechanical drives are convenient for 
greater range. Figure 5 shows input and — 
output coupling transformers to match — 
impedance levels. 5 : 


Attenuation Formulas and Graphs 


The attenuation of all such reject. J 
filters is shown as a function of frequency ~ 
in Figures 6 and 7. These curves can 
be represented for attenuations greater 
than ten decibels by the following equa- ; 
tion derived in the appendix: 4 


a 


(1) 


These curves are universal curves, 
since the constant K has the same di- 
mensions as the variable W, the width of 
the stop band on the frequency scale at 
attentuation a. In other words, the 
frequency scale may be thought of as 
plotted in K units as indicated in Figure 7. 


a=20 logy (K/W) 
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In Figure 7 the dotted curve at A indi- 


cates either an imperfect balance or 
‘noise present in the test equipment, and 


the dotted extension at B indicates a 
graphical method of determining K. 
If the data are plotted with width in 
cycles per second as abscissa instead of K 


units as abscissa, the intersection of the 


straight line with the axis gives the actual 
value of K in cycles per second. 
A slightly more complicated empirical 


equation useful down to three decibels 
Bis 


 a=20 log [K/W+1/(1+K/W)] (2) 


K can be determined graphically from 


the curves, as indicated, or computed by 
_ formula 25. As shown in the appendix, a 


better approximation for attenuations 
between one-tenth decibel and three 
decibels is given by 


a =20 logio [1+-(*/2)(K/W)?] (3) 


The attenuation curve is rather diffi- 
cult to measure at large attenuations, 
since either or both low frequency noise 
and. harmonics of the reject frequency 
tend to reduce the apparent attenuation. 
Another difficulty is the requirement of 
very small frequency steps near the re- 
ject frequency. A cycles increment dial 
on a beat frequency oscillator is a con- 
venience for these tests. 

Figure 7 suggests the use of two crossed 


rejection filters as a discriminator in © 


frequency modulation receivers, provided 
some ten decibels of minimum loss can be 
tolerated. 


Two Reject Filters in Tandem 


If a rejection band wider than that 
provided by one section of this type of 


- filter is required to secure sufficient band 


width to reject a narrow band of fre- 
quencies rather than a single frequency, 
it may be desirable to widen the stop 
band by using two or more filters in 
tandem, each filter rejecting a slightly 
different frequency. In some cases this 
arrangement may be found advantageous 
to preserve the required attenuation if 
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the circuit elements are not sufficiently 
stable. Two sections result in a char- 
acteristic of the type shown in Figure 8. 


Using equation 1, it can be shown (see _ 


appendix) that 
Wo/Ws= V2 antilog 19 (ao/20) (4) 


where W, is the width of one filter at the 
attenuation ap. The increase in width 
is shown by Table I, which shows a very 
large relative increase at high attenua- 
tions. 


Stability Measurements 


In the construction of these filters, it 
is essential that all components, includ- 
ing the resistances of the circuit, have 
good stability with respect to tempera- 
ture, humidity, and voltage. Silvered- 


ATTENUATION IN DECIBELS 


FREQUENCY 


Figure 8. Attenuation characteristic of tandem 
rejection filters 


mica capacitors with air trimmers and 
powdered-iron cores made of Carbonyl E 
iron have been found to be of satisfac- 
tory stability. The final stability co- 
efficient of the rejection frequency and 
attenuation is a complex function of the 
separate coefficients of the filter com- 
ponents and also of whichever of the 
two possible balance points is selected. 
One model designed to be tunable from 
3,000 to 4,800 cycles per second was ad- 
justed to 70 decibels attenuation at 3,600 
cycles per second, and subjected to 
temperatures from 55 to 100 degrees 
Fahrenheit. The peak attenuation de- 
creased about five decibels and the fre- 
quency at which the peak occurred 
changed less than two cycles per second. 
In any individual case, the various tem- 
perature coefficients can be made to 
counteract each other if components of 
both positive and negative coefficients 
are available. 


Taylor—Tunable Rejection Filter 


Figure 9. Multiple frequency rejection filter 


Relation to Filter Theory 


While it is obviously appropriate to ’ 


call this device a filter, since it has pass 
and stop frequency regions, the at- 
tenuation in the stop band is explained 
only by the resistances present, while 
conventional filter theory excludes re- 
sistance and deals. with reactances. 
The device illustrated in Figure 1 is an 
all-pass network with no attenuation at 
any frequency when considered as a con- 
ventional filter. It is only when resist- 
ance is considered as in Figures 2 and 3 
that the attenuation region appears. 
If the resonant frequencies of the series 
tuned and shunt tuned arms are slightly 
separated, then an attenuation band is 
predicted by filter theory; but only 
small attenuations will be realized when 
reactances of the size given by the design 
equations are used. 

The extension of these principles to 
multiple reject frequencies in a single 
section is illustrated in Figure 9. Sucha 
device results in an economy of elements 
but requires variable inductors as well as 
capacitors, and the adjustments of vari- 
ous reject frequencies are not indepen- 
dent, so that a more practical solution 
may be the use of simpler sections in 
tandem. The bridge arms in Figure 9 
are shown in a canonic form.4 


Coil Design 


Since the Q of the circuit determines 
the narrowness of the rejection band and 


Table I. K Units 
Db Ws Wo Wo/Ws 
OO hat nites One Mises ae OL A4aT eee Sis 4.47 
OA rteccrtye re O02 er seweta oe 0.20 10. 
SO aie ons QAO F eeraiencns RAL Bory ates 14.1 
GOs orton. 0001 sake aire OOS Ter ste a oyniie 44.7 
UE Mone, oi oss Q: 00025 = .saneue OD eiciaterete te 100. 
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Figure 10. Relation of resonant and balance 
frequencies 


the capacitors are responsible for little 
of the loss in the circuit, the design of 
coils with a specified high Q is funda- 
mental. Another important factor re- 
sults from the large ratio between the in- 
ductances of the parallel and series tuned 
branches. Equation 32 shows this ratio 
to be approximately Q? and therefore 
may be as high as 100,000 or more. This 
indirectly determines the impedance 
level of the bridge, since the series-tuned 
inductances should not be so large as to 
lose Q from distributed capacity and 
leakage effects, and the parallel-tuned 
inductance should not be so small as to 
require too small a number of turns, 
since it is impossible to get close coupling 
to the tuned winding with less than one 
turn, and the change of one turn in a 
small number results in a limited choice 
of inductance. 

Typical windings are illustrated in 
Figure 11. Notice that in Figure 11A 
most of the space is allotted to the tuned 
winding to get maximum Q and conse- 
quently minimum width of the reject 
band. 


Appendix 


Attenuation Formulas 


The propagation constant of a bridge or 
lattice network is given by* 


a=20 logio [(WZY+1)/(VWZY—1)] (5) 


and balance of the bridge is obtained when 
ZY=1+j0. Two approximate forms of the 
equation for the propagation constant are 
of interest in this application. The first is 
applicable when 


ZY=1+4+jT T<1 

and results in 

a=20 logiy (4/T) (6) 
The other is applicable when 

ZV =—S+jT TES 


and results in 


a=20 logio (1+ T/S/*) ~17.37T/S/* — (7) 
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A—Parallel resonant winding 


B—Series resonant winding 


Figure 11 


The impedance of the series resonant arm 
is given by 


1= —JXal (f/f) — F/f) +IR/X1] (8) 
where 
X1 =2nfili 


and the admittance of the parallel resonant 
arm is given by 


Y,= —jBol (fa/f) —(f/fa) +4G/ Bs] (9) 
where 
Bs = QrfrC, 


and R, X, G, B, Z, and Y have their usual 
Ohm’s law meaning, and f; and fs are the 
resonant frequencies of Z; and Y2 respec- 
tively. The appearance of the expressions 
may be simplified by writing them as 


21 = —jX1(m +j1/Q1) (8a) 
Y2= —jBz(m2+j1/Q:2) (9a) 
Using equations 8a and Qa, 

2, Y¥2= —X\Balmym2—1/Q:02+ 

i (mm /Q2+m2/Q1)] (10) 
where 
X Bo = 4 f fol Cz =fiLi/fols (11) 
At balance 
VZY=1+j0 (12) 


Taylor—Tunable Rejection Filter 


Consequently balance conditions are 


(13) 


m,/Q2=m2/Q,=0 
and 
1/X,B:,=1/(QiQ2) — (mm) =1/Qq? (14) 


Calculation of m, and m2 near balance 
may be made easier if f/f; is written (see 
Figure 10) as 


f/fi=1—(e—u)/fii=1—a (15) 
and similarly ; 
f/f2=1—(u—t)/f2a=1—b (16) 
Then 
m, =1/(1—a) —(1—a) =2a+a?+a*+ .... 
(17) 
mz=1/(1—b) —(1—b) =2b-+-6?+-58+ .... 
(18) 
and 
mums = 4ab + 24%) + 2ab?+ 24% + 
a*h2-+-2ab?-+ .... (19) 
Near balance, 
mym2—1/Qi102~ —1/Qq? (20) 


Since Q; and Q2 vary slowly and mm< 
1/202 


21 V¥2™1—jQq?(m/Q2+m2/Q1) (21) 
Equation 6 is applicable, giving 
a«=20 logic [4/0g2(m/QO2+m2/01)] (22) 


Farther from balance, mm2>>1/Q:Q2 and 


2, Y2* —Qq?mym2—jOq?(m/Q2+m2/0)) 
(23) 


Equation 7 is applicable, giving 


1 eet res (24) 


=20 1 
a oss (Og? nites 


The simplified formulas 1 and 3 can be ob- 
tained from 22 and 24 by letting Q;=Qs, 
which allows 1 to be taken equal to 2. 
Letting the definition of K be 


K =2f0Q/Qa? (25) 

Dquation 22 becomes 

a =20 loge .- 10, / WQ 9") =20 logy (K/W) 
(22a) 

and equation 24 becomes 

a =20 logio [1+ (*/2)(Qa/Q)*(A/1V)2] _ (24a) 


which is identical with equation 3 when 


Qa=Q. 
Stop Band for Two Filters in Tandem 


If a filter rejecting frequency fg is con- 
nected in tandem with a similar one reject- 
ing fy where fy—fa= W2 (Figure 8), the sum 
of the attenuations will have a minimum ap 
midway between f, and fy. If the compo- 
nent attenuations are large enough for 
formula 1 to apply, we can determine the 
width W of the reject band having attenua- 
tion ao by the following process. Let the 
width at frequency f (less than fg) of the 
filter rejecting f, be called W. Then the 
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q a0=20 logio (K/W2)? 


4 


‘At the tae mlaieteeal : 


(26) 


; Tet f =f; and W= W, at the edzé of the 


eo =20 login (K/Wi)[K/(Wi+2W)] 


Then 
(27) 


stop band having attenuation ap. 


_ For a single section with attenuation ao. 


— a=20 logis (K/W;) 


ae ee a ee 


ie 5 


(28) 

Consequently, from Paatone 26, 27, and 28, 

—WiW1+2W2) = We = KW, (29) 
i ae since 

Wi=Wo-We (30) 


equation 29 can be rewritten to give 


Wo/Ws= “Wi 2K/W,=V2 antilogio (a0/20) 


(31) 
and 
Wo/Wr=V2 (31a) 
Design Equations 


Combining equations 11 and 14, 


Li/L2=f2Qq*/fi (32) 


The second equation to permit solving for 
L, and L» is obtained by setting the quotient 
of equations 8 and 9 equal to Ro?, where Ro 
is the resistance of generator and load. This 
results at pass band frequencies in 


Ly Lo = Ro?/4 fifo (33) 
Combining equations 32 and 33, we get 
=QqRo/2zf; 


and 


Le nas Ro/27f20q (35) 


I; and Ly, are the inductances actually ef- 
fective in the bridge arms. If the coupled 
arrangement of Figure 5 is used, the coup- 
ling coefficients increase the inductances as 
follows: 


(34) 


L1 = (QaRo/2nfi)2/(1+h1) (34a) 
and 
Le = Ro/2rfeOgk2? (35a) 


where &, is the coupling coefficient between 
windings B in Figure 5 and 2 is the coupling 
coefficient between the tuned winding A and 
either of the A windings included in the 
bridge arms. 
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" Protection of Pilot Wires From Induced 


pis cm Potentials. =) oh ae 
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Synopsis: The use of pilot-wire relays for 
protection of power transmission circuits 
usually requires a reliable pilot channel 
which is free of any induced potentials which 
may cause transient voltages to appear be- 
tween wires even though they may be of rela- 
tively low magnitude. This is particularly 
true in the case of pilot relays using a se- 
quence network in which a single-phasealter- 
nating voltage is applied to the pilot wires. 
Conventional methods of protection, such as 
those used on telephone circuits, are not suit- 
able. As a result it frequently has been 
necessary to install special pilot’ circuits 
which are insulated for voltages far in excess 
of their normal operating voltage to insure 
reliable operation. This paper. describes a 
method of protection which provides reliable 
and satisfactory operation of a-c pilot chan- 
nels through low-voltage telephone-type 
cable even though the cable may be subject 
to induced potentials high enough to operate 
discharge gaps. 


ILOT WIRES used for relay pro- 

tection of 66-kv transmission lines on 
the system of The Dayton Power and 
Light Company in several cases parallel 
12-kv distribution _ feeders. Lead- 
sheathed telephone cable is used. In 
overhead sections it is installed on the 
same poles with the 12-kv lines and in 
underground sections occupies adjacent 
ducts to 12-kv underground feeders. 

Figure 1 is a map of the protected 
66-kv circuits and the routes of the pilot 
wires and their paralleling 12-kv 4-wire 
feeders. Figures 2 and 3 show typical 
configurations of the exposures. All cable 
sheaths, including the pilot-wire cable 
sheaths, are bonded at every manhole. 
Power cable sheaths serve as neutral con- 
ductors and are grounded at the substa- 
tion and at all terminals or risers. The 
pilot-wire cable sheaths are grounded at 
each terminal, at the dispatcher’s office, 
and at every riser. In overhead sections 
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the power system neutral is multigrounded 2 
but not bonded to the telephone cable — 


sheath, except at risers. The 12-kv sys- 
tem neutral is solidly grounded at sub- 
stations. 

A schematic diagram of the pilot relay 
circuits, as originally installed, is shown 
in Figure 4. During fault conditions, 
single-phase alternating potentials are ap- 
plied to the pilot wires by the positive- 
and zero-sequence networks in the pilot 
relays. When unequal currents flow in 
and out of the line section, unequal volt- 
ages are produced by the relay networks 


and the resultant difference in current . 


flows through the operating coils. Dur- 
ing faults external to the protected sec- 
tion, the potentials produced by the relay 
networks at opposite terminals act in 
series, circulating current through the 
restraint coils and pilot wires to prevent 
tripping. 

The condition thus is established that 
when the voltage between pilot wires is 
built up to a critical value by reason of 
unequal currents flowing in and out of the 
line section, tripping occurs. It is also 
true that if this critical voltage is exceeded 
by reason of some extraneous voltage im- 
pressed between pilot wires, tripping will 
occur. 

The maximum current and voltage im- 
pressed on the pilot wires by the relays is 
approximately 100 milliamperes and 60 
volts. The minimum alternating poten- 
tial required between pilot wires to cause 
the relay contacts to close is approxi- 
mately 15 volts. 


Incorrect Operations 


Early experience in the operation of the 
relays disclosed the following types of in- 
correct operations: 


1. Potentials induced by ground faults on 
12-kv circuits paralleling the pilot wires 
caused incorrect tripping of 66-kv breakers. 
An example of this type of incorrect opera- 
tion occurred during a 12-kv line-to-ground 
fault at industrial plant A (see Figure 1). 
Induced potentials appeared on the paral- 
leling pilot wires, causing operation of the 
earbon block protectors. 
through these protectors, being unequal, re- 
sulted in a potential appearing between pilot 
wires, which caused tripping of all 66-kv 
circuits supplying Webster substation. 
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The discharge , 


_2. Normal load currents in paralleling : 


12-kv 4-wire feeders caused induced poten- 

tials in the pilot wires which circulated cur- 

rent through the alarm relays and gave incor- 

' rect alarms. Potentials of 20 to 30 volts be- 
tween pilot wires and ground frequently 
were encountered. This potential caused 
current to flow through the distributed ca- 
pacitance of the pilot wires to ground, some 
of which returned through the grounded 
mid-point of the supervisory relay trans- 
former. The capacitors connected between 

_ mid-points of the insulating transformer and 
the ground served to by-pass some of this 
current. However, this did not entirely cor- 
rect the difficulty. 


3. Normal load currents in paralleling 12- 
kv 4-wire feeders caused induced potentials 
in the pilot wires, which incorrectly tripped 
66-ky breakers if one pilot wire accidentally 
became grounded. Grounding of one pilot 
wire causes any induced potential to appear 


between pilot wires. If the potential exceeds 


15 volts, tripping results. Several opera- 
tions of this type occurred when workmen 
accidently grounded one of the pilot wires 
while working on other circuits in the cable. 


As a result of these difficulties, a series 
of investigations was conducted to deter- 
mine the magnitude of the extraneous po- 
tentials appearing on the pilot wires and 
to devise a suitable means of correcting 
these troubles. 


Field Tests 


Field tests were carried out on the 
underground exposure from Webster to 
industrial plant A and on the overhead 
exposure from Hoover to industrial plant 
B. These tests were designed to deter- 
mine the magnitude of the longitudinal 
voltages with which a protective scheme 
would have to deal. With the power cir- 
cuits disconnected from their normal 
busses, a 230-volt test voltage was ap- 
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Figure 1. 


plied to cause Eire fault ‘inert to. 
flow in the exposures. 
mutual impedance values were found as 
shown in Table I. Applying these factors 
to calculated values of fault current, the 
maximum longitudinal pilot-wire voltage 
was found to be 1,650 volts. With this 
information, the problem was resolved 
into designing a protective scheme meet- 
ing certain requirements for satisfactory 
operation of the relays. 


Pilot-Wire Protective Scheme 


The fundamental requirements of the 
protective scheme are as follows: 


1. The protective scheme should function 
to discharge properly any extraneous po- 
tentials imposed in the pilot wires without 
resulting in any appreciable potential dif- 
ference appearing between pilot wires. Any 
such potential between wires should not ex- 
ceed 15 volts. 


2. The voltage from a pilot wire to ground 
(or other wires in the cable) must be limited 
to 700 volts crest value during any system dis- 
turbance to avoid exceeding the voltage 
rating of the cable. 


3. The protective scheme should permit 
normal operation of the pilot relays during 
periods in which the protective equipment is 
functioning. This is necessary to insure cor- 
rect relay operation in case of faults involv- 
ing both 66-kv and 12-kv circuits simul- 
taneously. 


4. The proper functioning of the pilot-wire 
supervisory relays, which indicate to the 
operators the presence of open- or short- 
circuit conditions in the pilot wires, must be 
maintained. 


5. The protective equipment used must 
automatically restore the circuits to normal 
after its operation. 


With these requirements in mind, it 
appeared that a solution could be found 


A 
WRIGHT _ FIELD 


Map of 66-kv lines protected by pilot-wire relaying showing routes of pilot-wire 


cables and inductive exposures to 12-kv power feeders 
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From | these tests, 


sneer 
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Mutual impedance in ohms per 
mile (ratio of pilot-wire volt- 


age per mile of exposure to . 
ground fault current in power 
circuits).........0.-e+0+e+++-0.096-. ..0.2 ae 


0.100 — 0. 2 


industrial plant A. 


Table Il. Laboratory Measurements of Pilot. 


Wire Currents and Voltages 


Current in ground lead of arresters, amp...... 18.4 
Applied longitudinal pilot-wire voltage, 
Ve PN1G.5 ci sis'e. cis oo ooo OSE ols a ieee 1,500 — 
Voltage from pilot wire to ground at ter- 
minals of insulating transformer, vorms.... - 293 ; 
Voltage between pilot wires at terminals of 
—. transformer, vrms.........- tees 


Table Ill. Zero-Phase-Sequence Constants of — 
Underground Cables From Webster to Indus- 
trial Plant A 


One Two 
Cable Cables 
Voltage impressed be- 
tween paralleled phase : 
conductors and ground,v210 ....... 197 ; 


Total current, amp........ BS ye Ed 552 
Power input; kw. 5 fee a2 2 
Length of cable, miles. .... 
Zo in ohms per phase per 


walle Ao. 9. Nace ee 0.710+....0.472+ 
50.722 §0.324 

WEBSTER INDUS TRIAL, 

SUBSTATION PLANT “A* 


125 MILES 


Figure 2. Details of underground ducts be- 
tween Webster substation and _ industrial 
plant A 


Cables 1, 2, 3, 5, 6, and 7 are 3-conductor 

500,000-cir-mil shielded sector-type, with 

13/64-inch conductor insulation and 8/64- 

inch lead sheath. Cable 4 is 51-pair num- 

ber 19 0,075-inch-lead 0.95 -inch- outside - 
diameter pilot-wire cable 
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Paralleling 12- Ky Feeders 


; — Under- = Over- 
§ ground _—head 
Exposure Exposure 


Approximate angle the pilot- 
wire voltage leads the power 
conductor current, deg.........0...... Ae | 


3 Table V. Rise. in Substation Ground Po- 


tential During 12-Kv Faults to Ground 


Webster Hoover 
Sub- Sub- 
station station 
“Type of 12-kv feeder faulted... Under- Overhead 
ground 
Rise in substation ground po- 
tential in volts per ampere 
of faultteurrent 02 (005 64 5;s 0.0064.. 0.0578 
Maximum calculated rise in 
ground potential for faults 
. .600 


near substation, v.......... 130 


Table VI. Pilot-Wire Voltages to Ground and 
Rise in Substation Ground Potential for 66-Kv 
Faults to Ground 


Webster Crown 

Sub- Sub- 

station station 
Fault current to substation 

ground bus, amp. . 2. os. ..0i0%ss 1,788... .1,460 
Pilot-wire voltage to substation 
ground with opposite end 

grounded, Vale Gs ce eee. ee pc Thy ata 2: 3 
Rise in substation ground po- 

REPO LEE ees; fag jas «1 «'S Grete here S758 130. 234 

8+e- 7 
5+6- 3-+O- 


4-0" 
Ls 
i — 
Be 
"/ 
E 
COMMON 


= MULTIGROUNDED 
NEUTRAL. 


PILOT wires 
CABLE AND 
MESSENGER 


Figure 3. Typical pole top detail showing 

12-kv power feeder, secondary, and 51-pair 

number 19 0.075-inch-lead 0.95-inch-out- 

side-diameter pilot-wire cable, supported by 

5/16-inch high-strength galvanized steel mes- 
" senger 
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Table IV. Phase i ar of Pilot-Wire Volt. 
ages to Ground Resulting From Faults on 


in the application of the principle used in 
the American Telephone and Telegraph 
Company’s number 223-A retardation 
coil, used for the reduction of metallic 
voltages on open-wire carrier lines. It 
consists simply of modified drainage coils. 
with middle connections isolated from 
ground by gaps. When the gaps discharge 
the assembly functions as a drainage coil. 

Preliminary laboratory tests were made 
using coils of various excitation character- 
istics and several types of discharge gaps. 

The connection diagram adopted from 
these tests is shownin Figure 5. It willbe 
noted that the mutual reactors at the sub- 
stations are connected to the mid-ter- 
minals of the relay insulating transformers 
instead of across the pilot wires. This 
connection was adopted in order to cause 
a minimum change in pilot-wire shunt im- 
pedance during discharge. However, if 
circumstances required connection across 
the pilot wires or additional protectors 
between terminals, the shunt impedance 
could be made high enough to cause only 
slight decrease in the sensitivity of the 
pilot relays. 

A mutual reactor was selected, each 
winding of which has an exciting imped- 
ance of approximately 11,500 ohms at 
200 volts. This value of impedance was 
considered sufficiently high to result in a 
negligible change in the sensitivity of the 
pilot relays during gap discharge. This 
value of impedance also was considered 
sufficiently high to insure satisfactory 
operation of the protector tubes without 
causing excessive excitation currents in 
the reactors. 

A gas-filled protector tube was selected 
which had the following characteristics: 


A-c rms breakdown voltage, v...... 300-500 

Maximum discharge current for 
two seconds; anip...). 2.0. sau 93 

Average arc drop, v, d-c........... 


The tube is capable of repeated dis- 
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charges without material change in char- 
acteristics. 


r 


Final Laboratory Tests 


Equipment wasconnected in the labora- _ 
tory as shown in Figure 5. Resistors were 
used to simulate pilot-wire resistance. _ 


Test NuMBER 1 


With protector tubes removed at points — 
B and C and terminals 2 and 3 connected 
at B, test potential was applied between 
the mid-point of the mutual reactor at B 
and ground. Oscillograph elements were 
connected to measure quantities as shown 
in Table II. This test indicated that with 
maximum longitudinal voltage induced on 
the pilot wires, the potential between 
wires was stfficiently low to prevent in- 
correct relay operation. Also the voltage 
between pilot wire and ground was well 
within its insulation rating. 


TEST NUMBER 2 ss 


This test was made to determine the 
effect of protector discharges on the sen- 
sitivity of the pilot relays. 


1. With all protector tubes  short-cir- 
cuited, no appreciable change in the sensitiv- 
ity of the pilot relays was detected. 


2. <A similar test was performed with cur- 
rent flowing in the pilot wires and protective 
equipment simulating discharge currents. 
This was accomplished by short-circuiting 
the protector tube at A and applying test 
potential between the mid-point of the mu- 
tual reactor at B and ground, with terminals 
2 and 3 connected. The results of this test 
indicated no appreciable change in pilot 
relay sensitivity with currents in each pilot 
wire up to three amperes. 


Field Application 


On the basis of the laboratory tests, 
the 66-ky pilot-relay circuits wereequipped 
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Figure 4. Schematic diagram of pilot-wire relaying as originally installed 
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Table VII. Substation Ground Resistance 


— 


Webster Crown Hoover 
Sub- Sub- Sub- 
station station station 


. Substation ground re- 


sistance, ohms........ 0.14....,0.87....0.36 


with the new protective devices. The 
laboratory tests described indicated that 
this equipment satisfactorily would elim- 
inate incorrect relay operations caused 
by ground faults on paralleling 12-kv 4- 
wire feeders. 

The second-mentioned difficulty, in- 
volving improper operation of the alarm 
relays, was corrected by the relay manu- 
facturer. A grounding resistor is used 
with a grounded center tap connected 
across the output of the rectifier in the 
alarm relay, instead of grounding the cen- 
ter tap of the transformer supplying the 
rectifier unit, as shown in Figure 4. This 
measure prevented induced potentials 
from causing current to flow through the 
rectifier and operating coil of the alarm 
relay. 

The foregoing modifications did not 
eliminate completely potential between 
pilot wires resulting from normal load 
currents in paralleling 12-kv 4-wirefeeders. 
This potential appears when a pilot wire 
becomes accidentally grounded. How- 
ever, the voltage was reduced below the 
15-volt operating level of the relays by the 
use of the grounding resistor on the alarm 
relay and the removal of the capacitors 
connected between the mid-points of the 
insulating transformer and ground. This 
resulted in a considerable increase in the 
impedance between the pilot wires and 
ground at this point, thereby reducing the 
potential between pilot wires when one 
wire becomes grounded. The net result 
of this change, as determined from field 
measurements, is a reduction in the po- 
tential between pilot wires of approxi- 
mately 50 per cent for equivaient values 
of induced potential. 


Final Field Tests 


The operation of the protective devices 
was tested by staged ground faults on the 
12-kv circuit at the end of the overhead 
exposure between Hoover substation and 
industrial plant B. Oscillograph measure- 
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ments were made of the voltage between 
pilot wires and from pilot wire to ground, 
and of the fault current. Witha fault cur- 
rent of 2,400 amperes, the voltage between 
pilot wires at Hoover substation was less 
than two volts, and from pilot wire to 
ground was 320 voltsrms. The calculated 
longitudinal voltage induced for this 
value of fault current is approximately 
1,000 volts. During the tests, protector 
tubes discharged, but no pilot-wire relay 
operations occurred. 


Conclusions 


The coils and protector tubes described 
were obtained from a limited selection of 
available material, and the laboratory 
tests were intended to indicate their suit- 
ability rather than to determine the most 
satisfactory design. 

Field tests were not conducted on 
simultaneous 12-kv and 66-kv faults. 
However, on the basis of the laboratory 
tests, it is believed that such faults will 
be relayed correctly. 

Since the installation of the protective 
equipment, several faults have occurred 
on 12-kv circuits at locations which had 
formerly caused incorrect operations of the 
pilot relays. All of these faults were 
cleared satisfactorily without operation of 
the 66-kv pilot relays. During this same 
period, several 66-kv faults occurred, all 
of which were cleared properly by the 
pilot relays. 


Appendix 


During field tests it was convenient to 
make certain other measurements which did 


Killen, Law— Protection of Pilot Wires 


aie COIL AND ARRESTER 
LOCATED IN DISPATCHERS 
OFFICE. 


RC.— RESTRAINT COIL 
OC - OPERATING COIL 


INSULATING _ 
ag ES ra 


PILOT WIRE 
SUPERVISORY 
RELAY 


Figure 5. Schematic diagram of pilot-wire re- 
laying equipped with new protective devices 


not bear directly on the problem at hand 
Some of these data are included in the hope 
that they may add to the knowledge on these 
subjects. 

Table III shows the results of measure- 
ments made to determine the zero-phase- 
sequence impedance of the underground 
cables from Webster to industrial plant A, 
illustrated in Figure 2. The duct line is 
removed fairly well from pipe lines or other 
known underground structures. 

Table IV shows the results of measure- 
ments made to determine the phase position 
of the induced potential with reference to the 
current in the power conductor. These 
measurements were made by a voltage tri- 
angulation method using a high resistance 
voltmeter. A reference voltage in phase with 
the power conductor current was obtained 
by connecting a noninductive resistor to the 
secondary of the current transformer in the 
power circuit. 

Table V shows the results of measure- 
ments made to determine the rise in substa- 
tion ground potential caused by 12-kv faults 
to ground. The measurements were made 
between the substation ground bus and ref- 
erence grounds driven approximately 1,000 
feet from the substation at 90 degrees to the 
faulted feeder. 

Table VI shows the results of measure- 
ments made to determine the pilot-wire 
voltage and the rise in substation ground 
potential during ground faults on the 66-kv 
system. Ground faults were applied at 
Webster and Crown substations to the sub- 
station ground bus. The rise in substation 
ground potential was measured with refer- 
ence to a remote driven ground located ap- 
proximately 1,000 feet from the substation 
and as near 90 degrees to the 66-kv lines as 
possible. 

Table VII shows the results of ground re- 
sistance measurements of substation ground 
busses made with a ground resistance tester 
using two remote reference grounds. 
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a In shoet of these systems, the prime 
Pe function was connected in some way with 
cating the enemy accurately, judging 
is course, speed, and strength, and get- 
ting this knowledge quickly enough to 
ake appropriate counteraction. The 
sooner such data were accumulated and 
_ evaluated, the stronger offensive (or de- 
~ fensive) measures were possible. For this 
reason, design parameters that affected 
cost, complexity, or operator skill were 
less important than those which governed 
range, accuracy, resistance to gunfire 
shock, etc. 
The relative importance of these factors 
was reflected necessarily into the space 
and power requirements of the military 
‘equipment, and the very design elements 
that permitted excellent military radar 
are often those which make for an un- 
suitable peacetime radar. 
Let us forget, for the moment, the 
spectacular achievements of radar during 
- the past few years and look ahead to its 


, 
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Paper 46-47, recommended by the AIEE committee 
on communication for presentation at the AIEE 
winter convention, New York, N. Y., January 
_ 21-25, 1946. Manuscript submitted December 12, 
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function as a safety eee ie civilian - 
_ use. Among the many jobs that have been 

envisioned for this branch of electronics, — 
there is perhaps. none as important as 

that of marine radar. From the economic 

viewpoint alone, the intrinsic value of 


ships, cargo, and time lost because of poor — 


visibility mounts to enormous propor- 
tions. This waste, plus the attendant loss 
of life, can be reduced to a very small 
amount by the use of radar equipment 
properly designed for the job. 


Design Réaiirehiente for 
' Peacetime Radar 


The design variables which are control- 
lable include at least the following: re- 


- liability, simplicity, accuracy of range and 


bearing, cost, ease of maintenance, resolv- 
ing power (on adjacent objects) maximum 
range, minimum range, appearance, ac-_ 
cessibility of components, and size. 

In either case, military or civilian, reli- 
ability comes first. Cost is a minor point 
in military designs, a major one in civilian 
designs. Simplicity of installation and 
operation is not too important on a battle- 
ship where dozens of technically trained 
men are available. A cargo ship, however, 
operating in a highly competitive field, 
must consider any extra personnel from 
the accountant’s viewpoint and use a 
radar capable of operation by the regular 
complement of officers. 

Maximum ranges of military equip- 
ments frequently exceed 100 miles and 


Figure 1 (left). 
tating 


Ro- 
antenna as- 
sembly 


Figure 2 (right). 
Electronic navigator 
console 
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The minimum range of a radar for a a cargo 


length—the shorter the better, in order #: 


"Galore is ‘ei od nor a 


‘The minimum range of a destroyer je 
radar may well be a mile or two, on the 
theory that an enemy must be discovered , 
long before he can approach that ‘close ie 0 


ship is required to. be less tha: Lae 


that navigation may be accomplished — 
safely in congested harbors. ey re 
And so, all through the whole list ates a 
design factors,there must be a new philoso- Ry. 
phy of design to create suitable radar — if. 
equipment for our commercial uses. Our 
peacetime designers must not say, “Whol, eth 
is shooting at my ship from over the 
horizon?” but rather, ‘(Can this device 
permit my present complement of person- © 


nel to avoid collisions and to obtain fixes = 
from charted landmarks?” +3 oat 
Fee 

One Design of 4 rahe b: oe 
Commercial Radar ' era 

‘ Li 

’ 


Early in 1943, experiments were con- 
ducted on a Great Lakes ore boat, using 
a modification of a military ship-borne 
“search radar.’’ From six months’ ‘ 
operating data, two outstanding facts 
stand out: 


1. Despite some inherent weaknesses, com- 
mon to all radar systems, the installation 
proved to be a highly useful navigational 
tool. : 
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Figure 4. Typical beam pattern in horizontal 
plane, showing five degrees width at half- 
power points 


2. It was too complex for nontechnical 
personnel to operate. 


From these early experiences, plus a 
study of several hundred service reports 
from military installations, the present 
electronic navigator was evolved. Fig- 
‘ures 1, 2, and 3 show the three units of 
the complete equipment: the antenna sys- 
tem, console, and motor-alternator, re- 
spectively. 

The antenna system is driven by a 


Figure 5. Electronic navigator console with 
front cover removed, showing removable 
chassis 
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Figure 3 (left). 
Speed-regulated 
motor-alternator 


Figure 6 (right). 
Typical removable 
chassis of electronic 
navigator console 


gear-motor located in the antenna base, 
or “‘pedestal,’”’ and the slatted reflector 
rotates continuously at 10 rpm. The 
surface of this reflector is a truncated 
paraboloid of revolution and is propor- 
tioned to project a beam 5 degrees wide 
and 15 degrees high. (A fully parabolic 
reflector of the same width would project 
a conical beam 5 degrees wide, with the 
resultant danger of lost targets when the 
ship rolled.) Note that these figures do 
not imply that there is zero radiation out- 
side the angles mentioned; the accepted 
method of measuring beam width is at 
the half-power points, as shown in Fig- 
ure 4, 

The console, Figure 2, contains the 
transmitter, receiver, cathode ray tube, 
sweep circuits, pulsing circuits, rotating 
field mechanism, appropriate power sup- 
plies, and controls. During normal opera- 
tion, seven controls are available to the 
operator. Having adjusted the instru- 
ment and selected the desired range scale 
(2, 6, or 30 miles) no further manipula- 
tion is required unless it is desired to take 
a bearing on some specific object. In 
this case a knob is provided to control a 
radial bearing line which can be caused 
to bisect the object in question and thus 
read its azimuth on a scale around the 
circumference of the cathode ray tube. 

All other controls which are required 
for initial adjustment during installation 
are accessible to recognized service person- 
nel only and are covered by a locked 
panel. Figure 5 shows these controls and 
also the test jacks and the panels of the 
various removable chassis. In case of 
trouble with any chassis, it is possible for 
the service engineer to substitute an en- 
tire chassis in a minute and repair the 
original one at leisure. Figure 6 illus- 
trates a typical chassis removed from the 
console, 

Figure 7 is a block diagram of the radar 
circuits and emphasizes the relative sim- 
plicity as compared with usual military 
designs. The pulse generator of Figure 8 
is a blocking oscillator whose recurrence 
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rate is determined by a network Z and 
resistors R; and Rz. (Most blocking oscil- 
lators employ only a capacitor in place of 
a network.) The function of the lumped- 
constant line Z is to provide a delay in 
the discharge time so that the tube may 
be allowed to conduct its full saturation 
current for a definite time interval, as 
shown in the pulse shape of Figure 9, 
which depicts the voltage across the pri- 
mary of transformer T;. This transformer 


647-7 


ANTENNA 


ANTENNA 
DRIVE 
TR TUBE 
CRYSTAL 
MIXER 


{F 
AMPLIFIER 


BLOCKING 
OSCILLATOR 
MODULATOR 
SAWTOOTH 
GENERATOR 


MAGNETRON 


LOCAL 
OSCILLATOR 


OUTPUT 
PULSE 


Figure 8. Pulse-forming circuit 
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patanea as to niattds regenerative 
ack for the oscillator, and thus the 
cycle i is repetitive and at a rate controlled 
by variable resistor R:. The simplicity 
reliability of this circuit makes it 


The pulses formed by the blocking oscil- 
lator are amplified by a suitable pentode 
and used to drive the magnetron oscillator 
_ which operates in the 10-centimeter re- 
_ gion. See Figure 10. The modulation 
transformer (T,) permits the magnetron 
‘filament to be operated 5,000 volts above 
ground, for this is the order of magnitude 
_ of the amplified pulse voltage. 
Bthe. modulation transformer allows the 
4 modulator tube to be properly loaded. 
The pulse is considerably less than one 
microsecond in length and tepeats at 
about 1,000 cycles per second. Thus 
the peak power delivered to the magne- 
tron is of the order of kilowatts, though 
_ the average power is but a few watts. 
Referring again to Figure 7, the output 
of the magnetron is delivered to the an- 
_ tenna through the transmit-receive (T-R) 
tube, the function of which is to protect 
the receiver during transmitter pulses and 
to close off the path to the magnetron dur- 
~ ing the receiving time, between pulses. 
The returning echo from the “‘target’”’ is 
collected by the parabolic reflector, 
focused on the antenna dipole, and carried 
through the transmit-receive tube to the 
receiver circuits. In the crystal mixer the 
returning signal is caused to beat with the 
output of a klystron local oscillator, the 
resultant frequency being about 30 mega- 
cycles. This is amplified by a wide-band 
intermediate-frequency amplifier, de- 
tected and further amplified by the video 
amplifier, and thence applied to the con- 
trol grid of the cathode ray tube. 
In the meantime the antenna assembly 
has been rotating continuously, and its 
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; p rticularly suitable, for this application. | 
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Figure 10. Modulator and magnetron circuits 
‘ 


‘motion has been transmitted by a very 


compact and simple Selsyn system to the 


rotating magnetic deflection coil located 


around the neck of the cathode ray tube. 
Impressed across this rotating coil is the 
sawtooth sweep voltage which provides a 
linear radial time axis. Time, too, is 
synchronized with the transmitter, and as 
both the outgoing pulse and the returning 
echo travel at the speed of light, this time 
axis is really a distance measure. 

The over-all result is that as the radial 
time (that is, distance) axis rotates, any 
returning echo will intensify a portion of 
this axis as the rotating antenna ‘““‘beams”’ 
on the target. With an ordinary cathode 
ray screen, the bright flashes of light 
would indicate the presence of reflecting 
objects, but the operator would have to 
remember where the flashes occurred, ob- 
viously an undesirable disadvantage. 

Hence, a long-persistence screen is 
used, in which the cathode ray first ex- 
cites a short-persistence phosphor, which 
in turn causes a second long-persistence 
phosphor to’ glow. This glow persists for 
a long enough time to ‘‘remember” a 
scene until rekindled by the next rotation 
of the radial sweep. 


Comparison of radar picture and 
actual navigation chart 


Figure 11. 


Lynn, Winn— Marine Radar 


Since the resultant illumination is in 
the form of a plan view of the surrounding 
area, with one ’s own ship at the center, 
the system is commonly termed “plan. 
presentationindicator,”’ or simply “P. Pak” 

Figure 11 illustrates such a picture, 
showing land masses, open water, buoys, 


and ships in the vicinity of Matini- 


cock’ Point in Long Island Sound. For 


comparison, the actual chart of that area 
is printed beside the radar chart. 

There are simpler presentation systems, 
but they require more skill in interpreta- 
tion. It was felt that the plan presenta- 
tion indicator picture‘‘spoke thelanguage”’ 
of the navigator better, since it shows 
him the data in familiar chart form. This 
has been borne out in actual experience, 
both with skilled navigators and students 
in training. 


» 


Practical Results 


The particular design described above 
has completed an 8-months’ test installa- 
tion on the United States Maritime 
training ship, AMERICAN MARINER. Dur- 
ing that time, several hundred persons 
have operated the equipment. This group 
has included military personnel highly 
trained in radar principles, captains of 
cargo ships, shipowners, shipyard execu- 
tives, tugboat captains, river pilots, navi- 
gators, trainees, and even deckhands. 

From their varied reactions, it has been 
possible to create a design well suited for 
the job, unhampered by excessive gadget- 
ing, and capable of operation by nontech- 
nical personnel. Further, it has been 
possible to spread the idea that radar is 
not a cure-all scheduled to usurp the 


functions of existing instruments; rather. 


it is a very powerful aid to those instru- 
ments, performing new duties previously 
left to guess work or chance, 
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Eocneneik: 
scribed for te ting microwave radar equip- 
ment in the radio frequency range from 
about 500 megacycles to 25, 000 megacycles 
and at associated video: frequencies. In 


general, the same instruments and tech- 
- niques are applicable also in testing micro-_ 


wave communication systems. 


PHAT RADAR equipmentsare marvels 
of ingenuity has long since become 
common knowledge. This ingenuity is 


reflected, however, in complexity of cir- 
cuits. A rough index of this complexity 


is found in the number of vacuum tubes, 
which for a single radar set may range 
from 50 to 250. Notwithstanding the 
most careful design, it is easy for the 


radar performance to become impaired - 


under operating conditions. 

Not only is radar complex, but its per- 
formance criteria are less tangible than 
those of conventional communication 
systems. Ordinary radio is to some extent 
self-testing in that reception of intelligible 
speech or signals frequently constitutes a 
sufficient check of satisfactory perform- 


ance. With radar, the greater the range 


coverage and the more accurate the data, 
the more valuable the information is 
likely to be. However, the working 
range may fall to a fraction of the pos- 
sible maximum, or some other degrada- 
tion or malfunctioning may occur, with 
nothing in the operation of the radar 
equipment to tell that this has happened. 
Since lack of maximum performance may 
have serious military results, measure- 
ment of performance assumes the utmost 
importance in radar work. 


The new techniques and new frequency 
ranges employed for radar necessitated 
the wartime development of a wide 
variety of new types of test equipment. 


A large part of this development work was" 


concentrated at Bell Telephone Laborato- 
ries and at the National Defense Research 


Paper 46-40, recommended by the AIEE committee 
on communication for presentation at the AIEE 
winter convention, New York, N. Y., January 21- 
25, 1946. Manuscript submitted December 19, 
1945; made available for printing December 28, 
1945, 
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-chusetts Institute of Technology, work- 
ing in close co-ordination with one ae Pi 


other and with the technical services of | 
the Army and the Navy. In the manu- 


facture of radar test equipment, tibet a ey 
Electric took a major part. This article 


discusses the techniques of radar testing 
and describes the types of test gear de- 
veloped by Bell Laboratories and manu- 
factured by Western Electric. 
cover the radio frequency range from 
about 500 megacycles to 25,000 mega- 
cycles, together with associated video fre- 
quencies. 


Because of its importance during the 


war, emphasis has been placed on the 
testing of microwave radar equipment. 
However, similar methods and instru- 
ments also have been employed in the 
testing of microwave communication 
systems, and such applications can be ex- 
pected to increase. In this situation the 
developers and users of microwave com- 
munication systems are fortunate in that 
almost all of the techniques and devices 
developed for radar testing are equally 
applicable to communication systems. 
This is even true of the video units, which 
are useful in connection with pulse- 
modulated telephone systems and ampli- 
tude-modulated or frequency-modulated 
television systems. 

So many persons, both within and out- 
side Bell Laboratories, have contributed 
to the developments described that the 
authors have reluctantly reached the 
conclusion that the assignment of individ- 
ual credit should not be attempted. 


Requirements 


Subsequent discussion may be simpli- 
fied by first reviewing briefly the opera- 
tion of a typical radar set, as shown 
in Figure 1. Under the control of 
d-c or so-called video pulses from the 
modulator, short pulses of radio fre- 
quency energy are delivered by the mag- 
netron transmitter to a highly directive 
antenna, ordinarily arranged to scan a 
section of space. Energy reflected from 
an object or “‘target’’ in the path of the 
beam is intercepted by the same antenna. 
The received pulses or echoes are con- 
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Figure 2 shows an early assemblage ot 
radar test equipment for the 10-centi- 
meter range, initially produced in 1942, 
which has seen wide usage. 

The more important types of fetes re- 
quired in radar work, either at =~ 
operating coo or at centralized serv- 
ice points, are 


1. Over-all performance (range capability). 1 
2. Transmitter power. 2 
3. Receiver sensitivity. 
4. Transmitter frequency. 

5. Transmitter spectrum. 

6. Standing wave ratio. 

7. Radio-frequency (RF) envelope. 

8. Receiver recovery. 


9. Automatic frequency control (AFC) 
tracking. 


10. Intermediate-frequency 
ment. 


(IF) align- 


11. Video wave shapes. 
12. Range calibration. 
13. Computer calibration. 


The principal types of test sets required 
for carrying out the above are: 


1. Signal generators. 
2. Echo boxes. 


3. Frequency and power meters (separate 
or combined). 


4, Standing wavemeters. 
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5. RF loads. 
_ 6. Oscilloscopes. 
7. Video dividers and loads. 
8. Range calibrators. 
9. Computer test sets. 
10. Spectrum analyzers. 
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Various auxiliary testing instruments also 
are employed, including vacuum tube 

testers, intermediate-frequency signal 
generators, audio oscillators, flux meters, 
_ andsoforth. Before discussing the above 
tests and devices individually, some of the 
requirements for radar test equipment, 
especially those requirements resulting 
from military usage, will be summarized. 
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GENERALITY OF APPLICATION 


: Radar sets perform a great variety of 
functions, including search and surveil- 
lance, gun laying and fire control, bomb 
direction, and navigation. They are used 
in the air, on shipboard, and on the 
ground; in attack and in defense; in com- 
bat zones and in rear areas. To realize 
the advantages of different parts of the 
frequency spectrum, avoid interference, 
and keep ahead of enemy countermeas- 

_ ures, it has been necessary for radar to 
exploit many different frequency bands 
and sub-bands. These diversities have 
bred a multiplicity of types of radar, with 
a corresponding variety of testing prob- 
lems and requirements. 

Maintenance and testing of radar 
equipment must be performed at many 
different locations. In the Army these 
locations, known as echelons, include 


1. The operating unit. 


2. Central service points, either fixed or 
mobile, for a number of operating units. 


3. Large depots either in the military thea- 
ters or in the United States. 


Navy maintenance and testing are car- 
ried out aboard the fighting ships or auxil- 
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iaries and at advance and overhaul bases. 

In developing test equipment, an off- 
hand approach might have been to pro- 
vide specialized equipment for testing 
each radar set under specific conditions, 
Since this would have made the total 
burden of development, manufacture, 
and field maintenance well-nigh intoler- 
able, a co-ordinated plan was followed 
whereby (with minor exceptions) each 
test set was made capable of widespread 
application in testing as many radar 
equipments under as varied conditions as 
possible. 
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Figure 1. Diagram 


BROADBANDING ee ee oe 


Generality of application required the 
designing of test equipment for broad 


frequency bands, bands as a rule much 


wider than those of the radar sets them- 


selves, It was necessary, therefore, not — 


only to develop new microwave testing 
techniques, but to advance the art still 
further to render the testing components 
as far as possible insensitive to frequency. 


PRECISION 


A radar set itself is an instrument of 


considerable precision. The test equip- 


ment used for checking the radar per- 
formance in the field has to have still 
higher accuracy. It is noteworthy that 
the measuring accuracy realized through- 
out the microwave range is comparable 
with that obtainable at lower frequencies 
where many years of background exist. 


PACKAGING—SIZE AND WEIGHT 


Light weight and compactness are of 
paramount importance where a test set 


Figure 2. Early radar test set for 3,000-mega- 


cycle range 


It includes signal generator, oscilloscope, 
power meter, test antenna, and auxiliary units 
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fas to be carried any distance by the 
maintenance man; where it is used in 
cramped quarters in a plane, truck, or 
submarine; or where it has to be taken . 
up ship | ladders or through small hatch- 
ways. To permit portable use under such 
conditions, thé design objective was es- 
tablished of a weight not exceeding about | 
30 pounds (exclusive of transit case), 
combined with a ruggedness adequate for 
all conditions of use. Through rigorous 


attention to both mechanical and elec- 


trical design, this objective has been real- 


Figure 3. Portable units used in checking 
air-borne radar sets at Boca Raton, Fla. 


ized (in many cases with considerable 
margin) except for a few sets intended 
primarily for bench use. Figure 3 illus- 
trates the use of lightweight test equip- 
ment in maintaining air-borne radar 
equipment. 


ENVIRONMENTAL INFLUENCES 


Military usage requires that the test 
equipment be capable of efficient oper- 
ation at any ambient temperature be- 
tween a minimun of the order of — 40 de- 
grees to —55 degees centigrade and a 
maximum of the order of +65 degrees 
to +70 degrees centigrade, as well as at 
any relative humidity up to 95 per cent. 
In addition, the set must withstand con- 
tinued exposure to driving rain, dust 
storms, and all other conditions en- 
countered in tropical, desert, or arctic 
climates. Often the test set in its tran- 
sit case must be capable of submergence 
under water without ill effects. Fungus- 
proofing with a fungicidal lacquer is a 
standard requirement. 


SIMPLICITY, RELIABILITY, ACCESSIBILITY 


Not only must the functioning of the 
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RUGGEDNESS 


For general application, the test equip- 


ment must be capable of withstanding air- 
plane vibration, the shock of heavy guns, 
depth charges and near misses, and the 


combinations of shock and vibration con- 


noted by the requirement of ‘‘transporta- 
tion over all types of terrain in any Army 
vehicle.’’ Test and experience have made 
it possible to translate these general re- 
quirements into two specific requirements, 


namely, the ability to withstand 


1. Vibration at frequencies from 10 to 33 
cycles per second, with 1/16 inch excursion 
for 30 minutes in each of three axes. 


2. The shock produced by a 400-pound 
hammer falling through distances of one, 
two, and three feet in each of three axes 
and striking an anvil to which the set is at- 
tached. 


These requirements have been met with- 
out using shock and vibration mounts, 
which are undesirable in test sets because 
they increase size and weight. 


Range Capability 


The range capability of a radar set, like 
that of any radio system, depends upon 
three things: 


1. The transmitted power. 
2. The loss in the medium. 


3. The minimum perceptible received 
signal. 


Two of these can be combined by taking 
the ratio of the radiated signal to the 
minimum perceptible received signal. 
This ratio, ordinarily expressed as a level 
difference in decibels, is variously termed 
the ‘‘system performance,’’ ‘‘over-all per- 
formance,” or merely the “level differ- 
ence.’ It may be determined by separate 
measurement of transmitter power and 
receiver sensitivity, or by a single over-all 
measurement. With the powers and 
sensitivities commonly employed in radar, 
the level difference is of the order of 150 
to 180 decibels. 

The actual range that can be spanned 
for a given performance ratio varies con- 
siderably. For a given transmitted 
power, the echo power received by a 
radar set theoretically varies inversely as 
the fourth power of the range. The reason 
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mined by antenna design, character o 
target, and so forth. Ae 

Under operating conditions, consider- 
able departure from the above’ relation-— 
ship may be experienced, because of such 
factors as : 


> 
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1, The curvature of the earth. , Aine 


25 Interference between the direct beam 
and single or multiple reflections. 


b¥o-4 


fd 


ea 


N 
gy FANS mes 
ce ae 
< CONTENT rt 
vac A ase 
<° Kae ks eSae 
@ soll eee a el mee 
SSeS 2 Pett 
6 40 aN = . 
: B NX PS 
g SECC Re EEE 
ra on mee 
Srretetccnii 
10 ie 
a ARE, 
a apemror 
10) 5 10 15 SO 5825) 30 35. “¥AD 


LOSS IN SYSTEM PERFORMANCE — db 


Figure 4. Effect of reduction in system per- 
formance on radar range 


3. Attenuation caused by atmospheric ab- 
sorption. 


Except under conditions of severe attenua- 
tion such as may occur at the very short 
wave lengths, the received power com- 
monly varies somewhere between the in- 
verse fourth power and the inverse six- 
teenth power of distance. To state it an- 
other way, the change in effective range is 
somewhere between the fourth and the 
sixteenth root of the change in system per- 
formance. The former condition might 
hold for high-angle plane-to-ship search in 
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from a given degradation of system per- 
_ sixteenth root laws by the curves of Fig- 


a reduction in performance always means 
loss of range. : 
_ Field surveys have shown that when 
test equipment is not available or not 
_ used, radar sets in the field are likely to 
give no more than one half to one fourth 
of the maximum range of which they are 
_ capable. Hence it is necessary to know 
with good accuracy the over-all perform- 
ance. Known or so-called standard tar- 
_ gets have often been used in the field for 
checking performance. Because of wide 
variations in transmission caused by 
many factors, results obtained from such 
targets are frequently misleading. 
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_ Signal generators for radar work deliver 
one or more different types of test signals, 
which may serve a variety of functions. 
More important among these functions are 


~~ <n 


1. Tuning or alignment of the radar com- 
ponents (TR and RT boxes, converter, beat 

a oscillator, automatic frequency control, and 
so forth). 


Measurement of receiver sensitivity. 
Check of TR and receiver recovery. 


Measurement of loss. 


SAT et Seah? 


Detection of frequency pulling. 


6. Check of automatic frequency control 
following. 


7. Measurement of intermcdiate-frequency 
band width. 


8. Check of automatic range tracking. 
9. Measurement of standing wave ratio. 


10. Check of video “gating”’ circuits. 


Many signal generators include means for 
measuring the power and frequency of the 
test signal and also of an incoming signal. 


TYPES OF SIGNALS 
The test signals delivered by a signal 


FREQUENCY 
METER 


WAVE GUIDE 


TO RADAR VARIABLE 
UNDER TEST ATTENUATOR 
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@ ‘Lie hae are tre oe ; 
clear weather, the latter for ship-to-ship — 
search in fog. The loss of range resulting 


_ formance is shown for fourth, eighth, and 


ure 4, Whatever the propagation law, — 


Figure 6. 1942-— 

model signal gener- 

ator (left) compared 

with one produced 
in 1945 


generator may be continuous wave, 
pulsed, or frequency-modulated. Occa- 
sionally, square wave or sine wave 
modulation is provided. 

Pulsed signal generators deliver a suc- 
cession of single RF pulses or pulse trains, 
either of these generally synchronous with 
the pulses of the radar equipment under 
test. Multivibrator or trigger tech- 
niques are used to generate the pulses for 
modulating the microwave generator. 
The trigger pulse for synchronizing the 
pulsing circuits is commonly produced by 
rectifying RF pulses from the radar 
transmitter, thus avoiding a separate 
video connection to the radar. To avoid 
possible difficulties in video response, the 
RF test pulses should be of a width com- 
parable with those of the radar set under 
test. For observing the test signals, 
either the radar indicator or an auxiliary 
oscilloscope may be used. With the 
single pulse method, provision is usually 
made for varying the delay of the test 
pulse with respect to the radar pulse. 
The width of the test pulse may also be 
adjustable or variable. 

If the frequency of the signal generator 
is swept over a sufficiently wide fre- 
quency band, the IF output of the radar 
set traces the curve of IF selectivity, 
thus producing a kind of pulse. With a 


Block diagram of TS-35A/AP 


signal generator 


Figure 5. 
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suitable rate of frequency sweep, this 
pulse becomes comparable in width with 
the transmitter pulse, and when syn- 
chronized with the radar set it can be — 


used for test purposes. 


parison of the shapes of receiver input 
and output pulses is not possible. The 
nominal duration of the pulse in the IF 
output is 


T=B/y (2) 


where B is the width of the IF band in 
cycles per second (for this purpose con- 
veniently measured between six decibel 
points) and y is the speed of frequency 
sweep in cycles per second per second. 
For best results this nominal width should 
be similar to the width of the transmitter 
pulse for which the IF and video circuits 
are designed. This means that the scan- 
ning speed should be in the neighborhood 
of B 2/ 2° 

A continuous-wave input of the same 
frequency as the transmitter produces in 
the output of the IF detector merely a 
direct current to which the video ampli- 
fier and radar indicator do not respond. 
However, continuous-wave test signals 
may be utilized by observing on a d-c 
meter (built into the radar set or sepa- 
rate) the change produced in detector cur- 
rent or converter current. 


RECEIVER SENSITIVITY 


Just as in radio, the sensitivity of a 
radar receiver is defined as the minimum 
received signal that is perceptible in the 
presence of set noise.* At microwave 
frequencies, atmospheric disturbances are 
usually negligible, so that unless acci- 
dental or deliberate interfering signals 
are present, the operating sensitivity is 
the same as the intrinsic sensitivity of the 
receiver. 

Receiver sensitivity is commonly stated 
as the minimum perceptible signal power 
in decibels referred to a milliwatt (abbre- 
viated as dbm). . In practice, the receiver 


*The term noise is commonly used even though the 
disturbances are observed on a cathode-ray screen. 
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Since the pulse 
_is produced in the radar equipment, com- 


sensitivity depends upon the noise figure 
of the converter, the conversion loss, and 
the noise figure of the IF amplifier. If 
a RF amplifier is used, as is the practice 
at lower microwave frequencies, its noise 
figure is likely to be controlling. By 
noise figure in each case is meant the 
noise power in comparison with the 
thermal noise. The thermal noise in 
watts delivered to a load is RT B, where k 
is Boltzmann’s constant, T is absolute 
temperature in degrees K, and B is the 
frequency band width. Thus for a 4- 
megacycle band at 25 degrees centigrade, 
the thermal noise is —108 decibel-milli- 
watts. With good design the over-all 
receiver noise is of the order of 10 to 15 
decibels higher than thermal noise. The 
minimum detectable signal is usually not 
equal to the receiver noise but depends on 
the type of indicator, particularly on 
whether the presence of an echo is indi- 
cated by spot deflection or spot modula- 
tion. 

With a continuous-wave signal gener- 
ator, receiver sensitivity is measured by 
determining the minimum input power 
necessary to produce a perceptible change 
in meter reading. This affords a satis- 
factory relative measure of receiver per- 
formance, but since the radar indicator 
usually permits better visual discrimina- 
tion against noise, the minimum input as 
read with the meter ordinarily differs 
from the minimum pulse input for barely 
discernible indicator response. 


RADIO-FREQUENCY OSCILLATORS 


Beat oscillator tubes for radar sets de- 
liver (with sufficient decoupling or isola- 
tion to prevent undue frequency pulling) 
a power of the order of milliwatts. This 
power being adequate for most test pur- 
poses, such tubes are well adapted for use 
as signal generators. 

Throughout the greater part of the 
microwave range, reflex velocity-modu- 


lated tubes,? both the type with built-in 
cavity (Pierce-Shepherd) tuned mechan- 
ically or thermally, and that with external 
cavity (McNally) tuned by plugs, vanes, 
or adjustment of dimensions, have been 
used. The former is more convenient for 
general use, but the latter usually permits 
wider frequency coverage. Oscillation 
occurs when the repeller voltage is ad- 
justed so that the round trip transit time 
corresponds to an odd number of quarter 
wave lengths. Ordinarily there are sev- 
eral different ranges of repeller voltage, 
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Figure 7. Types of frequency meters 


corresponding to different numbers of 
quarter waves, each of which supports 
oscillation over a range of frequencies 
called a mode of oscillation. Pulsing or 
frequency modulation is accomplished by 
applying a pulse or sawtooth wave to the 
repeller. 

At the longer microwaves, a triode 
with closely spaced electrodes, or so- 
called ‘‘lighthouse” tube,? has been em- 
ployed in a tuned-plate tuned-grid oscil- 


Figure 8. A group of frequency and power 
meters designed for various bands in the fre- 
quency range from 500 to 25,000 megacycles 


lator of the positive grid type. Two co-_ 
axial lines, conveniently placed one inside 
the other, provide the tuning, with the | 
feedback through interelectrode capaci- 
tances supplemented by loop coupling. 
The inner cavity (between plate and grid) 


controls the frequency of oscillation, while | 


the outer cavity (between grid and cath- 


ode) provides a suitably high grid im- | 


pedance. Mechanical arrangements are 


provided for tracking the tuning of the | 


two cavities over a wide frequency range. 


Some DESIGN PRINCIPLES 


Standard signal generators which have 
been employed in the past for measuring 
the sensitivity of radio receivers usually 
deliver a known voltage across a low im- 
pedance. This voltage is applied in 
series with a dummy antenna to the re- 
ceiver under test. In the microwave 
range, this technique is inconvenient, and 
signal generators are designed to deliver 
test power on a matched impedance basis. 
Receiver sensitivity is stated in terms of 
power (decibel-milliwatts) instead of 
volts. 

The components of a signal generator 
or other test unit are commonly arranged 
along a microwave transmission line. 
The wave guide type of line possesses cer- 
tain advantages over a coaxial line in af- 
fording. a lower loss, facilitating atten- 
uator design as discussed in a subsequent 
section, and so forth. Henee the wave 
guide type of line is used in test equip- 
ment for those frequencies where its 
size is not excessive, that is, from about 
4,000 megacycles upwards, and coaxial 
line for lower frequencies. 

A major problem in the design of 
microwave signal generators is the provi- 
sion of shielding adequate to reduce leak- 
age signals, caused by unwanted couplings 
or stray fields, well below the minimum 
signal required for receiver testing. This 
minimum level may be as low as —70 or 


278 TRANSACTIONS 


Green, Fisher, Ferguson—Microwave Radar T. esting 


ELECTRICAL ENGINEERING 


| 
| 
: 
| 


—80 decibel-milliwatts depending pa the 
coupling loss in the test connection. 


_ PULSED AND FREQUENCY-MODULATED 
SIGNAL GENERATOR 


To illustrate the functioning of a signal 
generator, there is shown in Figure 5 a 
block schematic of a design (Army-Navy 
type TS-354/AP) which covers a 12% 
frequency band in the vicinity of 9,000 
_ megacycles. An RF connection to the 
radar equipment is established with a 
' wave guide flange coupling. The fre- 
_ quency and power of the radar trans- 
_ mitter are measured by means of a co- 
_ axial-type frequency meter and ther- 
~ mistor Ppower-measuring circuit as de- 
scribed in subsequent sections. The at- 
_ tenuator and pad are adjusted to reduce 
_ the incoming average power to about one 
_ milliwatt, which gives a suitable deflec- 
tion on the indicating meter. The 


RF INPUT 


Figure 9. Crystal detector for pulsed RF 
signals 


thermistor is mounted across the wave 
guide. 

An RF pulse train is employed in many 
tests. To produce this, the RF oscillator 
output is modulated by a multivibrator 
which pulses continuously except -when 
being synchronized. Synchronizing pulses 
are derived by crystal rectification 
of the RF pulses from the radar trans- 
mitter. The result is an initial RF pulse 
of seven microseconds, followed by an off 
period of about ten microseconds, fol- 
lowed by a train of RF pulses each two 
microseconds wide and recurring every 
eight microseconds until resynchroniza- 
tion occurs at the next radar pulse. 

Using the pulse train, the radar system 
components can be tuned for maximum 
sensitivity by maximizing the signal on 
the indicator. To check receiver sensi- 
tivity, the continuous-wave power is 
first adjusted so that a power of one 
milliwatt is delivered to the pad and 
attenuator. Then with the set in the 
pulsed condition, the amplitude of the 
test signal is adjusted by means of the 
attenuator and pad until the signal on 
the radar indicator is barely discernible. 
It is necessary for this test that the fre- 
quency of the test signal be equal to the 
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magnetron frequency. The frequency 
meter is provided as part of the signal 
generator for this purpose. 

The receiver recovery, that is, the time 
required by the receiver to recover after 
disablement by the transmitter pulse, 
determines the minimum range at which 
a radar can be used. With this test set, 
the receiver recovery characteristic is in- 
dicated by the amplitude of the test 
pulses in the interval immediately follow- 
ing the transmitter pulse. 

The set also is adapted to serve as a 
frequency-modulated signal generator. A 
sawtooth wave applied to the repeller 
gives a succession of frequency sweeps, 
each about 20 megacycles wide, and last- 


ing about six microseconds. With this. 


frequency-modulated signal, the width of 
receiver response may be observed on a 
class A oscilloscope, that is, one showing 
signal amplitude versus time. However, 
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POWER LEVEL 


with nonadfustable intermediate-fre- 
quency strips, such measurement is 
seldom required. Failure of the radar 
automatic frequency control to follow fre- 
quency changes caused by antenna scan- 
ning or other causes is indicated by a 
change in the indicator presentation. 
Pulling of the magnetron frequency be- 
cause of changes in load impedance can be 
detected by turning off the automatic 
frequency control. 


SIGNAL GENERATOR DESIGNS 


Designs of signal generators developed 
for the military arms during the war are 
interesting as landmarks of progress. 
The signal generator of the 730 test set, 
deliveries of which began in May 1942, 
delivered pulsed RF signals in the ten- 
centimeter range, using sine wave syn- 
chronization. Following only three 
months later was the signal generator of 
the Army [Z57A and the Navy LZ test 
sets (Figure 6), which covered a then very 
broad frequency band of 20 per cent in the 
vicinity of ten centimeters and was de- 
signed to be triggered by the incoming 
RF pulse from the radar set instead of 
by a separate synchronizing connection. 
This set and a redesigned version of it 
have seen wide usage in testing Army, 
Navy, and Marine Corpsradarequipment. 

Delivery of a test set for the three- 
centimeter range, designated TS-35/AP, 
started in the fall of 1943. This set fur- 
nished both a train of pulses and a train 
of frequency-modulated signals, both of 
which features have proved valuable. It 
covered a nine per cent frequency band 
with no tuning adjustment except for the 
oscillator. An improved design known as 
TS-35A (see Figure 6) covered a 12 per 
cent band. 

Progress in reducing the size and weight 
of the test units is indicated by the fact 
that the JE30 signal generator weighed 
121 pounds and [E57 weighed 74 pounds, 
whereas T\S-35 and TS-35A weigh ap- 
proximately 30 pounds, 


Figure 11 (below). Radar test with echo box 
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Frequency Measurement 


Usually a radar set need not operate at 
a precise frequency. Accurate measure- 
ments are required in the field, however, 
to keep the operating frequency within 
limits, to set the local oscillator, to check 
the measuring frequency, and so forth. 
In the laboratory, accurate frequency 
measurement is fundamental. 

Frequency measurement in the micro- 
wave range is ordinarily accomplished by 


1. A resonant coaxial line or 


2. Aresonant cavity, generally cylindrical. 


These types are illustrated in Figure 7. 
Sometimes a combination of the two, re- 
ferred to as a hybrid or transition type 
resonator, is employed. The measure- 
ment is actually one of wave length, with 
the scale calibrated in frequency or a 
conversion chart provided. Some speci- 
fic designs of frequency meters are shown 
in Figure 8. 


COAXIAL WAVEMETERS 


A coaxial wavemeter is formed of a 
section of coaxial transmission line of 
small enough diameter so that only the 
coaxial mode (in wave guide notation, 
T Mp, on) can exist. Usually the line is 
short-circuited at one end and open at 
the other, in which case resonance occurs 
at the odd quarter wave lengths (A/4, 
3/4, and so forth). The open circuit is 
obtained merely by terminating the 
inner coaxial conductor, the continuing 
outer conductor acting as a wave guide 
below cutoff. Sometimes the line is 
short-circuited at both ends, giving 
resonance at the even. quarter wave 
lengths (A/2, A, and so forth). 


CYLINDRICAL CAVITY WAVEMETERS 


A cylindrical cavity wavemeter is 
merely a section of cylindrical wave guide 
transmission line* whose length is varied. 
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Figure 12. Typical ringtime patterns on radar 
indicators 


TO TUNING DIAL 
MECHANISM 


Figure 13. Functional schematic of tuned 
echo box 


In order to avoid confusion with other 
modes, it is preferable to use the domi- 
nant mode (described in wave guide nota- 
tion, 7F,,;,,*), that is, the mode with 
the lowest cutoff frequency. The cutoff 
wave length (A,) of this mode is 1.706D, 
where D is the diameter in meters. Fora 
higher Q it may be necessary to use the 
circular electric mode TF ,;,,. The cut- 
off. wave length for this mode is 0.82D. 
No useful purpose is served by using 
modes with / and msubscripts above unity. 
TM modes are often used for fixed fre- 
quency cavities, but for variable cavities 
TE modes are preferable since these have 
zero current at the inner wall of the 
cylinder and thus obviate moving-contact 
difficulty. If any mode higher than the 
dominant one is used, suppression of un- 
wanted modes may be required. 


THE VALUE oF Q 


The accuracy of a wavemeter is de- 
pendent on its resolving power. This in 


*TE and TM represent, respectively, transverse 
electric and transverse magnetic. The subscripts 1, 
m, n denote, respectively, the number of wave 
lengths around any concentric circle in the cross 
section, the number of wave lengths across a diam- 
eter, and the number of half wave lengths along 
the length of the cylinder. 


Green, Fisher, Ferguson—Microwave Radar Testing 


— azimuTH a i 


PPI 
(INTENSITY MODULATION) 


turn depends upon Q, which is an index of 
the decrement of the resonant circuit and 
is equal to f/ Af, where Af is the distance 
between three decibel points on the 
resonance curve. 

In a coaxial wavemeter, maximum Q 
for a given inner diameter is obtained 
with a diameter ratio of about 3.6.5 The 
basic Q of a coaxial wavemeter, assuming 


copper of standard conductivity, is 
roughly® 
Q=0.042D V/f (3) 


This expression neglects end effects and 
hence gives somewhat too high a value of 
Q. 
The basic Q’s for TE,, 1, , and TE, 1, n 
cylindrical cavity resonators employing 
copper of standard conductivity are, re- 
spectively, 


AB 
Q,=0.0937 X 10 —~x 
Vf 


, 


NE eek (see ° +0.295 ) (4) 


3 
Q,=0.2762 X10” — ; x 


1 
Mia alee (2.499 2) (8) 
n 


where A = ),/d, B? = A? — 1, and fis 
in cycles per second. 

The value of Q which determines accu- 
racy is not the basic Q, but the loaded or 
working Q, herein designated Q,. 

The resolving power of a wavemeter 
used for measuring a single frequency can 
be made considerably better than F/Q1- 
With a sensitive meter it is readily pos- 
sible to detect differences less than one 
decibel, which corresponds to a frequency 
interval of f/20Q,. 

The required accuracy in a wavemeter 
is generally absolute rather than a per- 
centage. Hence increasingly large values 
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of Q;, are required at the higher fre- 


quencies. Thus for a resolution of one 
megacycle, assuming one decibel dis- 
crimination, the values of Q, required 


for different frequencies are: 


Frequency Q, Frequency Qa, 


1,000 mc..... 500 
3,000 mc..... 1,500 


10,000 me..... 5,000 
25,000 me..... 12,500 


An unnecessarily high value of Q;, has 
the disadvantage of making it more diffi- 
cult to find the desired frequency. 


LINEARITY 


The displacement of the coaxial plunger 
of a coaxial-type wavemeter for resonance 
is substantially a direct linear function of 
free space wave length, and if an ordi- 
nary centimeter micrometer drive is used, 
it is possible to read wave length differ- 
entials directly. Over band widths less 
than 20 per cent, displacement versus 
frequency is also quite linear, which is of 
considerable advantage for some uses. 

For the cavity-type wavemeter, the 
displacement is a variable function of free 
space wave length and becomes very non- 
linear as the cutoff frequency of the guide 
or cavity is approached. ‘This is evident 
from the relation between wave length in 
the guide, \,, wave length in free space, 
X, and cutoff wave length, d,: 


£0 2 (6) 
ae 58 


A cam or mechanical linkage may be em- 
ployed to obtain a linear scale. 


FREQUENCY COVERAGE 


Increasing the length of a wavemeter is 
desirable because this gives a larger me- 
chanical displacement for a given fre- 
quency interval. . The permissible in- 
crease is limited, however, by ambiguity 


Figure 14. A group of echo boxes of various 


types 


with the next lower mode in going toward 
the upper end of the frequency scale and 
with the next higher mode in going to- 
ward the lower end. This means that if 
ambiguity is to be avoided, the ratio of 
top to bottom frequency cannot exceed 
(n + 2)/n for a coaxial line of n quarter- 
waves. For a cylindrical cavity reso- 
nator, the ratio for the 0, 1, 7 mode must 
be less than (n + 1)/n, the exact limit 


- depending on proximity to cutoff. 


GuIEposts 


The following guideposts are suggested 
for choosing the type of wavemeter in the 
microwave range. Where limitations of 
size and Q permit, the coaxial quarter- 
wave type should be used because of its 
greater linearity. If this type is in- 
applicable, the cavity type with Tj, 1, x 
should be used unless its Q is inadequate, 
in which case T/%, 1,7, should be em- 
ployed. 


COUPLINGS 


A loop, orifice, or probe may be used 
for coupling to a wavemeter. Coupling 
to a coaxial wavemeter is generally ef- 
fected by a loop placed near a short-cir- 
cuited end so as to be in the maximum 
magnetic field. For coupling to a 
cylindrical cavity wavemeter, an orifice in 
or near the base of the cavity is usually 
employed. The coupling to the wave- 
meter is kept small enough to avoid 
serious reduction of loaded Q. 


TYPES OF DETECTORS 


Various types of detectors may be asso- 
ciated with a wavemeter, the most com- 
monly used being (1) a crystal rectifier 
and microammeter and (2) a thermistor 
bolometer. When a crystal rectifier is 
employed with a cavity or coaxial wave- 
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meter, a circuit similar to that shown in 
Figure 9 is used. Important items in 
such a circuit are the RF by-pass capaci- 
tor, and the video capacitor. The 
latter, by providing a low impedance 
path to the video signals, improves 
rectification efficiency when the input 
signal is pulsed. The quarter-wave stub 
shown in the figure is used when the input 
or coupling circuit does not provide d-c 
and video paths. When the signal is 
pulsed at a low-duty cycle, high peak cur- 


rents through the crystal are obtained 


even though the average current through 
the meter is small, and it is possible to 
impair or burn out the crystal unless ex- 
treme careistaken. The use of a therm- 
istor, which is self-protecting for large 
overloads, avoids this danger. Another 
expedient is to limit the crystal current 
to a small value and employ a video 
amplifier and oscilloscope. 


METHODS OF USE 


A wavemeter may be used as either a 
transmission or a reaction instrument. 
In the former case (Figure 10A), it is in- 
serted directly in the transmission path, 
so that substantially no through trans- 
mission occurs except at resonance. In 
the latter case (Figure 10B), the wave- 
meter is coupled to the transmission path 
or a branch circuit. When the meter is 
tuned off resonance, it presents such a 
high impedance to the main path that its 
effect is negligible. At resonance, how- 
ever, it offers a lower impedance which 
reflects energy in the main line so that 
less power reaches the detector and a dip 
in the reading occurs. For most applica- 
tions the reaction arrangement is prefer- 
able, since the power transmitted when 
the wavemeter is off tune may serve 
various purposes. For analysis of fre- 
quency spectrum the transmission method 
is necessary. This method requires two 
couplings to the wavemeter, which lowers 
the Q as compared with the reaction type. 
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DRIVE AND SCALE 


A direct drive with a precision lead 
screw of the micrometer type is fre- 
quently used. Accuracy of reading is in- 
sured by spring loading to minimize back- 
lash and by specifying close tolerances for 
threads and for concentricity of plunger 
and cavity. The scale on a wavemeter 
must be fine enough to permit utilization 
of the resolving power. The conven- 
tional micrometer type of scale some- 
times makes accurate reading difficult in 
a small compact meter. Scale mecha- 
nisms which have been used include 
counter types, clock face, or expanded 
drum types with gearing between vernier 
and coarse scales, and a single direct read- 
ing scale with divisions arranged in a 
spiral for compactness. 


EFFECT OF TEMPERATURE AND HUMIDITY 


To minimize the effects of temperature 
on the accuracy of readings, invar has 
been employed for elements whose di- 
mensions affect the wave length. For 
accurate work, the scale reading must be 
corrected for temperature. A rough ap- 
proximation is that the scale reading 
varies in accordance with the coefficient 
of expansion of the metal. 

Water vapor included in the air dielec- 
tric of a wavemeter has an appreciable 
effect on the dielectric constant and hence 
on the resonant frequency.” Thus, for 
example, in going at sea level from 25 de- 
grees centigrade and 60 per cent humidity 
to 50 degrees centigrade and 90 per cent 
humidity, the scale reading should be 
reduced by 0.03 per cent. Correction can 


Figure 15. Radar spectrum analysis with echo 


box 


be made by means of a chart, a con- 
venient form of which has been prepared 
by Radiation Laboratory. 


CALIBRATION 


Frequency meters are calibrated 
against sub-standards which in turn are 
calibrated against a multiplier from lower 
frequencies for which a high order of 
accuracy can be obtained. Such multi- 
pliers have been made available at Radia- 
tion Laboratory and the National Bureau 
of Standards. The accuracy obtained at 
interpolation frequencies is of course less 
than at exact multiples of the base fre- 
quency. In the microwave range, the 
accuracy is believed to be of the order of 
one part in 100,000. 


Power Measurement 


There are two needs for power measure- 
ment in radar maintenance, namely, in 
evaluating transmitter performance and 
in standardizing test signals. Power out- 
put is, of course, only one factor in trans- 
mitter performance, others being (a) fre- 
quency and (b) spectral distribution or 
shape of RF envelope. Ability to meas- 
ure absolute power is desirable to permit 
interchangeable use of sets in the field. 


MEASUREMENT OF PULSE POWER 


The transmitter power as used in for- 
mula 1 is the average power during the 
pulse. The relationship of pulse to (long) 
average power is 


Py; avg a 


P; pulse wits (7) 


T is the pulse duration in seconds and f, 
is the pulse recurrence frequency (P.R.F.) 
in cycles per second. The product Tf, is 
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the duty cycle. (Sometimes the reciprocal _ 


of this number is referred to as the duty 
cycle. The magnitude is uswally such 
that no ambiguity arises.) 

During the early days of radar, it was 
the practice to measure pulse power. The 
test equipment was coupled to the radar 
set by a path of known loss. The RF 
envelope was derived by means of a 
crystal rectifier and applied to an oscillo- 
scope. With the aid of an RF attenuator, 
the level applied to the crystal rectifier 
and oscilloscope was held constant. 
Calibration was obtained by using a sig- 


nal generator whose output was standard-. 


ized, prior to pulsing, with an averaging 
type of power meter. The procedure was 
rather involved, with several sources of 
possible error, Since it is much simpler 


to measure average power, field measure-. — 


ment of pulse power soon was abandoned. 
Though the pulse power can be computed 
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Figure 16. Relations in mismatched trans- 
mission lines 


from average power if the pulse width, 
pulse shape, and repetition rate are 
known, it soon became the practice to 
specify field performance requirements in 
terms of average power. 


THERMISTOR POWER METERS 


A number of devices have been used for 
measuring average power in the micro- 
wave range. Those suitable for handling 
the small amounts of power normally in- 
volved in field tests include thermistors, 
platinum wires, and thermocouples. In 
each case the RF power to be measured is 
absorbed in the measuring element. The 
measurement consists in observing the 
resistance change in the thermistor or 
platinum wire, or the thermoelectric volt- 
age from the thermocouple. By analogy 
with devices used for measuring minute 
quantities of radiant heat, either a therm- 
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istor or a platinum wire instrument is 
sometimes referred to as a bolometer. 
The platinum wire device has also been 
termed a barretter. 

A thermistor for microwave power 
measurement is a tiny bead (about five 
mils in diameter) composed of a mixture 
of oxides of manganese, cobalt, nickel, 
and copper, constituting a resistor with a 
very highnegative temperature coefficient.’ 

The thermistor has a number of ad- 
vantages for microwave work, namely: 


1. Resistance is highly sensitive to change 
of heating power, which obviates any need 
for amplification or a super-sensitive meter 
and makes it possible to use a rugged d-c 
meter. 


2. Reactance is low compared with RF 
resistance, which makes it possible to in- 
corporate the thermistor in a power-absorb- 
ing termination which matches the imped- 
ance of a microwave transmission line over a 
wide band. 


3. Resistance change is the same function 
of electrical heating power at any frequency, 
which permits direct comparison of the un- 
known microwave power with easily meas- 
urable d-c power. 


4. Sensitivity to damage and burn-out is 
inherently low, and added protection results 
from impedance mismatch during overload. 


Because of these characteristics, therm- 
istors have been far more widely used 
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Figure 18. Standing wave detectors used on coaxial and wave guide transmission lines 


than other detectors for microwave power 
measurement. Broadband thermistor 
mounts have been designed to match 
both wave guide and coaxial transmission 
lines, the latter not only in the microwave 
range but also down to low frequencies. 
Some of the test sets specifically intended 
for power measurement or for combined 
power and frequency measurement are 
shown in Figure 8. 

The change in the thermistor resistance 
caused by radio-frequency heating cur- 
rent is determined by placing the therm- 
istor in one arm of a d-c bridge. By 
noting the d-c power necessary to balance 
the bridge with and without RF power 
in the thermistor, the magnitude of the 
RF power may be determined. For most 
purposes, however, a direct-reading power 
meter is preferable. This can be obtained 
over a moderate range of power levels by 
employing an unbalanced bridge. The 
bridge is balanced for direct current only, 
and the measurement consists in noting 
the meter deflection when radio-fre- 
quency power is added. 

The resistance of a thermistor is a 
highly sensitive function not only of elec- 
trical heating power but also of ambient 
temperature. For convenient field meas- 
urement, the effect of ambient tempera- 
ture must be cancelled out in the indicator 


Green, Fisher, Ferguson—Microwave Radar Testing 


- circuit so that the indication depends only 


on RF power. 


Warer Loaps . eas 


( 


A method which has See used in ‘fe hs 
laboratory and the factory for measuring — 


high level microwave power consists in 
terminating the RF transmission line in a 
water load arranged as a continuous flow 
calorimeter. This method can be made 
quite accurate but is cumbersome. More 


recent practice is to terminate the RF ; 
line in a solid load of a type described 


later in this article and to couple a therm- 


istor power meter to the line by means 


of a directional coupler (described below) 
of known loss. Very close correlations 
have been obtained between the two 
methods over the entire microwave band. 


Echo Boxes 


A device unique to radar testing is a 


high Q resonant cavity, known as an echo © 


box or ring box. The cavity is coupled to 
the radar transmission line or antenna as 
indicated in Figure 11. During the 
transmitted pulse, microwave energy is 
stored in the cavity. In the period imme- 
diately thereafter, energy is returned to 
the radar over the same path, producing 
a signal on the radar indicator. The 
energy in the cavity builds up exponen- 
tially to an amplitude dependent on the 
radar power. At the end of the pulse, the 
returned energy decays exponentially, 
disappearing into the noise at a point 
determined by receiver sensitivity. The 
time interval between the end of the 
transmitted pulse and the point where the 
signal on the radar indicator disappears 
into the background noise, called the 
ringtime, therefore measures the over-all 
performance of the radar set. 

An echo box is a particularly useful in- 
strument for radar testing because 


1. It measures. over-all performance di- 
rectly 


2. It permits a rapid tune-up. 


3. It utilizes the radar transmitter as its 
only source of power and therefore can be 
made extremely portable. 


Figure 12 shows typical ringtime patterns 
on different types of indicators. In ac- 
tual practice the ringtime is read in miles 
on the radar range scale and hence is 
measured from the beginning of the 
transmitted pulse rather than the end. 
The difference is unimportant, however, 
since standard and limiting values of ring- 
time are established for operating condi- 
tions. It will be noted that the echo box 
does not return a true echo to the radar, 
so that the name ‘‘echo box” is not en- 
tirely appropriate. 
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Figure 19. Directional coupler arrangement 


TYPES AND USES 


Echo boxes are of two general types, 
-tuned and untuned. A tuned echo box is 
designed to resonate in a single mode ad- 
justable over the operating frequency 
range. An untuned echo box is a fixed 
cavity of a size sufficient to support a very 


large number of modes within the work-~ 


ing range. Tuned echo boxes are more 
versatile and more widely used than un- 
tuned boxes. 

The most common type of tuned echo 
box is designed for hand tuning. While 
other shapes are possible, the most con- 
venient one is a right cylinder whose 
length is adjusted by a movable piston. 
The Ty, 1, , mode gives maximum Q for 
a given volume and minimizes the num- 
ber of unwanted modes present within 
the desired band. The value of n is deter- 
mined by the desired value of Q (see 
formula 5). Unwanted modes can be 
partially avoided by choice of design 
parameters. However, for high values of 
Q, and especially for broad frequency 
bands, the suppression of unwanted 
modes involves design problems of the 
highest order. 

As indicated in Figure 13, a tuned 
echo box cavity is usually provided with 
two couplings. One of these is to the 
radar pick-up; the other is to an attenu- 
ating device, crystal rectifier, and meter, 
which serve for tuning the cavity and for 
other purposes. With such an instru- 
ment, not only can the radar be tuned up 
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_ but many other tests can be made, to wit: 


ihe setting of the zlthver at resonance 


indicates the transmitter frequency or wave 
length. 


2. Calibration of the crystal bees a 
rough measure of output power. © 


3. Since the Q required for adequate ring- 
‘time is so high that the cavity selects only a 
narrow segment of the transmitter spectrum, 
a spectrum analysis can be made by plot- 
ting frequency versus crystal current read- 
ing. 


4. Slow recovery of TR box and receiver 


after the transmitted pulse can be detected 
by noting the behavior of the ringtime pat- 
tern at short ranges as the echo box is de- 
tuned. 


5. Inability of the receiver to recover 
promptly after a strong signal (the result of 


- imperfect d-c reinsertion in the video ampli- 


fier or of overloading of the IF amplifier) is 
indicated by a blank following the end of the 
ring. 


6. Improper pulsing (for example, double 
moding or misfiring) can be determined with 
a class A oscilloscope. 


7. The frequency and power of the local 
oscillator can be measured. 


In tuned echo boxes, requirements for ex- 
treme fineness of tuning control and pre- 
cise resettability have given rise to in- 
teresting problems in the design of the 
mechanical drive and indicating mecha- 
nism. 

In another type of echo box, hand tun- 
ing is supplemented’ by motor-driven 
tuning or so-called ‘‘wobbling”’ over a fre- 
quency range wide enough to embrace 
expected variations in transmitter fre- 
quency. Operation is controlled by a 
single push-button which energizes the 
motor and actuates the cavity coupling. 
Such an instrument may be permanently 
installed in a plane and used to check the 
radar during flight. 

For an untuned or multiresonant echo 
box, rectangular shape is convenient. 
The box should be large enough to make 
it highly probable that over the operating 
band, one or more modes will be present 
within any frequency interval of width 
equal to the main concentration of the 
transmitter spectrum. For a_ given 
rectangular volume, a cube gives the 
largest number of modes. The total 
number of modes up to a frequency of 
wave length Ay is 


Ny = 8.38 V/ro3 (8) 


where V is the volume. However, be- 
cause of the cubical shape, many different 
modes tend to coincide in wave length, a 
condition referred to as degeneracy. To 
spread out the modes, the box is made 
slightly off cube and one or more corners 
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ean bore hes = limited tc 
quency range from about 9,0 
cycles upwards, with sizes of t 
from 12 to 24inches onaside. Ev ; 
an extraordinarily high probability f 
finding modes within the radar band, sub- | 
stantial differences in response are found © 
for relatively small changes in frequency. F 
Accordingly, untuned echo boxes are — 
more useful for rough tune-up than for 
precise measurement. 

A number of specific designs of echo 
boxes for different microwave bands are % 
shown i in Figure 14. ; 


Q anD RINGTIME , ; 


For satisfactory measurement the ring- | 
time must extend beyond nearby echoes — 
which would obscure the test signal. For | 
most radars a ringtime of 20 to 30 micro- © 
seconds (about two to three miles) has 
been found satisfactory, although con- ' 
siderably higher values have sometimes 
been provided. Even apart from echoes, 
a long ringtime is desirable since this gives 
a lower decay rate and a more sensitive 
measurement. 

Computation will show that an ex- 
tremely high value of Q is necessaryto ob- — 
tain the desired ringtime. For maximum — 
ringtime the cavity coupling should be 
such as to make the working Q (Q;) about 
90 per cent of the nonloaded Q. Values 
of working Q which have been provided 
in different frequency ranges are approxi- 
mately as follows: 


. 


—_ 


Frequency Qs, Frequency Q, 
1,000 mc....70,000* 10,000 me... . 100,000 
3,000 mc....40,000 24,000 mc... . 200,000 


*In this case a higher Q was needed for a long range 
ground search system. 


The difference in performance corre- 
sponding to a given change in ringtime 
can be determined from the decay rate, 
which is 
d=27.3f/Q;, decibels per microsecond (9) 


For a given frequency, the ringtime is 
directly proportional, and the decay rate 
inversely proportional, to Q. For a given 
ringtime, the required Q is directly pro- 
portional to frequency. 

Accurate measurement of extremely 
high Q’s is essential in echo box work. A 
decrement method, in which a pulsed 
radio-frequency oscillator and oscillo- 
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scope are used to determine the loss corre- 
sponding to a known time interval, has 
proved most satisfactory. ' ’ 


erecram Raver 


' The frequency components of a non- 
repetitive rectangular d-c pulse may be 
determined by well-known methods us- 
png: Fourier integral analysis. The en- 

_velope of amplitudes is of the form 
4 (sin x)/x, where x = afT. This envelope 
_ is shown by the right-hand side ofthecurve 
of Figure 15a, fo being assumed to repre- 
4 sent zero frequency. The first zero oc- 
4 curs at the frequency f = 1/T. 
Similarly, the envelope of the spectrum 
4 *of a rectangular a-c pulse is given by the 
4 complete curve of Figure 15A, fo in this 
_ case being the carrier frequency. For a 
4 non-repetitive pulse, all frequencies are 
_ present in amplitude as shown by the 
. envelope. When a stable carrier fre- 
_ quency is pulsed at uniform intervals and 
in precise phase relation, only harmonics 
— of the repetition frequency are present 
under the envelope. In radar practice, 
conditions are, as a rule, not sufficiently 
stable for this to occur. 
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Figure 20. Error in standing wave measure- 
ments caused by directivity of directional 
coupler 


Because of its band width, an echo box 
cannot reproduce the ideal spectrum en- 
velope of Figure 15A. Instead, the curve 
for a good spectrum may resemble that 
of Figure 15B, while spectrum irregular- 
ities detrimental to radar performance 
may be revealed by curves such as those of 
Figure 15C and 15D. Broadening of the 
spectrum is undesirable because less 
energy falls within the receiver band. 
Energy removed from the main concen- 
tration may result from double moding 
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A group of microwave directional 
couplers together with a directional coupler 
test set 


Figure 21. 


or from the occurrence of a different fre- 
quency during the rise or fall of the pulse. 
Frequency modulation caused by a slop- 
ing or spiked input pulse produces a non- 
symmetrical spectrum, not infrequently 
characterized by a high side lobe. Fre- 
quency jump in the middle of the pulse, 


resulting from line reflection, may pro-- 


duce two distinct maxima. 


Standing Wave Measurements 


The expression for the distribution of 
current or voltage along a misterminated 
line of appreciable electrical length yields 
two terms which may be considered as 
representing two waves transmitted in 
opposite directions, one (the incident 
wave) from the generator toward the 
load, the other (the reflected wave) from 
the load toward the generator. The sum- 
mation is a standing wave pattern. The 
standing wave ratio (SWR) is defined as 
the ratio of the wave amplitude at a maxt- 
mum point (anti-node) to that at a mini- 
mum point (node). If the standing wave 
ratio is stated as a numeric, it is necessary 
to specify whether it applies to voltage 
(VSWR) or power (PSWR). Possibility 
of ambiguity is avoided by stating the 
ratio in decibels. 

The ratio of the reflected current to the 
incident current is the reflection coeffi- 
cient, here designated as p. The value 
of the reflection coefficient is given both 
in magnitude and phase by 


VE VG 
Lot+Z 


p= (10) 


where Z, is the characteristic impedance 
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of the line and Z is the load impedance. 
The reflection coefficient is related to the 
standing wave ratio as follows: 


1+p o—1 ’ 
VSWR=c= —_, or, p=—— 11 
S) o ne or, p a4 ( ) 
Plots of the relationships are shown in 


Figure 16. 

The reduction of radiated power be- 
cause of reflection losses in a radar trans- 
mission line, while important, is usually 
less serious than other effects of imped- 
ance irregularities. Since the load im- 
pedance reacts on the oscillator circuit, 
the frequency and the output of most 
transmitter tubes are quite sensitive to 
load impedance. If the line is electrically 
long, so that its impedance varies rapidly 
with frequency, marked instability of 
oscillator frequency may occur, a condi- 
tion referred to as ‘“‘long line effect.” 

Since radar transmission lines contain 
many potential sources of impedance dis- 
continuity, including not only the an- 
tenna but a variety of couplings, bends, 
wobble joints, rotating joints, switches, 
and so forth, measurements of standing 
wave ratio are frequently required. The 
need for such measurements depends in 
part on whether the line is ‘‘preplumbed” 
or is provided with field adjustments. 


DEVICES 


Standing waves may be detected and 
measured by several different types of 
devices, including 


1. A slotted line. 

2. A squeeze section. 

3. A directional coupler. 
4. A hybrid T. 


All of these furnish information on the 
magnitude of the standing wave ratio. 
In some cases, phase information may be 
obtained also, which information permits 
determination of impedance,® but this 
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a) knowledge, while ‘useful in the laboratory, 


seldom is required in field work. 
A block diagram of an arrangement 
employing a slotted line for measuring 


standing waves is shown in Figure 1. 
The oscillator source is commonly fol- 


- lowed by a pad or attenuator to prevent 


frequency pulling. The slotted section 
may be either a coaxial or a wave guide 
line employing a mode which is not dis- 
turbed by the presence of the slot (for 
example, normal coaxial mode, T;, o in 
rectangular wave guide, TM), in round 
wave guide). A traveling pick-up probe 
or loop projects through the slot and 


couples energy from the line into a de- 
tector which delivers direct current or 


audio frequency to the indicator. The 
probe is moved longitudinally to find 


‘points of maximum and minimum field 


strength. To avoid distortion of the field 
within the line, the probe should be small 
and should project only a short distance 
inside the slot. For accurate results, 
extreme care must be exercised in design 
and construction to avoid variation in 
depth of immersion as the probe is moved. 
Several slotted lines employed for stand- 
ing wave measurements are shown in 
Figure 18. 

A squeeze section consists of a section 
of rectangular guide with slots milled in 
the center of both broad faces so that the 
width of the guide can be varied by ex- 
ternal deforming means. This changes 


the wave length in the guide, so that 


maximum and minimum values may be 
determined by a fixed probe and indi- 
eator. 

The use of a directional coupler for 
standing wave measurement is discussed 
in the following section. 

Another useful device for standing 
wave measurement is the hybrid JT or 
magic T. This is a sort of microwave 
bridge, consisting of a main wave guide to 
which an £ plane branch and an H plane 
branch are joined in the same physical 
plane. With matched terminations of 
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te two ends of ‘Ge main guide, ue two 
Terminating 3. 


one end of the main guide in the unknown 2 


branches are ‘conjugate. 


impedance and the other in a ‘matched 
termination, the degree of impedance 
mismatch of the unknown is indicated by 
the magnitude of the reflected wave 
which appears in one branch when energy 
is fed into the other. 


Directional Couplers 


Accurate measurement of transmitter 
power and receiver sensitivity requires a 
coupling path of known loss between the 
radar set and the test set. The first 
method employed for this was to place a 
portable test antenna (see Figure 2) in 
the field of the radar antenna. Depend- 
ing on the frequency range, this test 
antenna took the form of a dipole,!° with 
or without a small reflector, or an electro- 


‘magnetic horn.1! With this method, it 


was necessary to calibrate the loss of the 
space coupling path between the two 
antennas. Since it proved difficult to 
locate the test antenna at exactly the 
same point and to be sure that the main 
antenna pattern remained the same, a 
separate calibration of the coupling loss 
was usually required whenever a measure- 
ment was made. 

An alternative method was to place a 
single probe in the radar transmission 
line. This introduced another sort of 
difficulty. Accuracy of measurement was 
vitiated by the presence of standing waves 
which rendered the probe pick-up a func- 
tion of frequency and of location with 
respect to the irregularities. A highly 
satisfactory answer to the entire problem 
was found in a device which is called a 
directional coupler because it couples 
only to the wave propagated in one di- 
rection. In its simplest form, a direc- 
tional coupler consists of two couplings 
to the main transmission line, which add 
for one direction of transmission and 
cancel for the other. Thus, for example, 


Figure 22. RF loads 

for different bands in 

the microwave fre- 
quency range 
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spaced g/4 between: cen 
generally ndg/4, where n 
teger). Assuming the ancient, an | 
flected waves in the main guide be 
directed as shown and the a 
to be terminated on one end, a tes 
connected to the other end will be coup! 
to the incident wave, while theoretically — 
the two couplings to the reflected wave — 
will differ by \/2 and therefore ee one ; 
another. ‘ 
With such a device, measurements may 
be made of the characteristics of the inci-_ 
dent wave independently of reflections. — 


(B) WAVE GUIDE BELOW CUTOFF 


Figure 23. Microwave attenuators - 


If the coupling to the main line is not too 
close, there is no appreciable effect on the 
incident wave, and continuous monitor- 
ing can be had. Conversely, test signals 
applied through the directional coupler 
will travel in the main guide in the proper 
direction for testing the radar receiver. 

If the locations of the termination and 
the test connection point in Figure 19A 
are reversed, the couplings to the main 
transmission line also are reversed: Such 
an arrangement therefore permits meas- 
urement of the reflected power, which in 
turn makes it possible to adjust for mini- 
mum reflected power and hence for mini- 
mum standing wave ratio. Comparison 
of the reflected power with the direct 
power determines the standing wave 
ratio. For convenience in measurement, 
two directional couplers pointed in oppo- 
site directions are frequently used, the 
combination being referred to as a bi- 
directional coupler (Figure 19B). One 
advantage of this arrangement is that the | 
ability to measure the reflected power 
from the antenna and that part of trans- 
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mission. ioe Bevedd ie eeaplert provides: 
_ means for detecting trouble in that part. 
_ of the system. ‘Directional couplers may 

be. applied to any type of transmission 


line. Figure 19C shows a simple form of 


directional coupler for a coaxial line. 


_ One characteristic of importance in a 
directional coupler is the coupling loss. 
A small value of coupling loss affords in- 
creased sensitivity of measurement, while 
a sizable value is’ desirable to minimize 
reaction on the main transmission line, as 
well as for other reasons. A loss of around 


20 decibels has usually been found a good 


compromise. It is now the practice to 
incorporate a directional coupler in every 


a ; radar set to obtain a test connection 


point. 

Because of unavoidable imperfections, 
a directional coupler never gives complete 
cancellation for the undesired direction of 
transmission. The departure from ideal- 
ity is indicated by the directivity (also 


_ referred to as front-to-back ratio), which 


is defined as the scalar ratio of the two 
powers measured at the test connection 
point when the same amount of power is 
applied to the main guide, first in one di- 
rection and then in the other. For meas- 
urements of the direct wave and of re- 
ceiver characteristics, a moderate directiv- 
ity, of the order of 15 decibels or better is 
sufficient. In measuring reflected power, 
however, the directivity determines the 
amount of direct power which appears at 
the point of measurement, and therefore 
controls accuracy. The chart of Figure 
20 will facilitate determination of the 
maximum error that may occur in measur- 
ing different values of the standing wave 
ratio with various assumed directivities. 
With a simple two-hole coupler, the 
directivity deteriorates rapidly as the fre- 
quency departs from that corresponding 
to quarter-wave spacing. By providing 
additional couplings suitably spaced, the 
residuals from different sets of couplings 
also can be cancelled against one another 
and the directivity versus frequency char- 
acteristic can be broadened materially. 
With multiple hole couplings, a minimum 
directivity of 26 to 30 decibels over a 


R.F BYPASS 


R.F. INPUT 


OSCILLOSCOPE 
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Sey band of 10 to 20 per cent is 


readily practicable in quantity produc- 


tion, and much better values are ob- 
tained in the laboratory. Some of the 


numerous designs of directional couplers 
developed for association with operating 
radar equipment are shown in Figure 21. 

Because they are more convenient than 
slotted lines and can be made more accu- 


rate, directional couplers have been ex- 


tensively used for standing wave ratio 
measurement in the laboratory. A num- 
ber of special arrangements have been 
devised to improve both accuracy and 
convenience. A directional coupler ar- 
rangement which has been provided for 
field measurement of standing wave ratio 
in the vicinity of 25,000 megacycles also is 
illustrated in Figure 21. In this the direct 
power is brought to equality with the re- 
flected power by an attenuator whose dial 
is calibrated directly in standing wave 
ratio. A wave-guide switch facilitates 
the power comparison. 


Auxiliaries and Components 


An RF load (or dummy antenna) which 
will absorb the radar power in an imped- 
ance which matches the transmission 
line is very useful in radar work. Sucha 
device permits testing the radar set in 
operating condition without actual radia- 
tion which might give information to the 
enemy or interfere with other radar 
equipment. It also makes it possible to 
test the radar set in locations where re- 
flections from the ground or nearby ob- 
jects otherwise would hamper or prevent 
a test. RF loads for microwave work 
usually consist of a section of transmis- 
sion line (either coaxial or wave guide, 
depending on wave length) containing a 
high-loss dielectric. The impedance of 
such a load is necessarily low and must be 
matched to the radar line by tapering the 
dielectric over a distance of several wave 
lengths.!° Moreover, if the line is to 
handle high power, tapering over a con- 


Figure 24. Radar pulse envelopes 


NORMAL PULSE 


DOUBLE MODING 


PULSE SKIPPING 
OR MISFIRING 


FREQUENCY JUMPING 
DURING PULSE 


PD oe 


Green, Fisher, Ferguson—Microwave Radar Testing 


‘terial, 


Uabeaile ‘euetht is necessary to distribute 


the heat. . 


A coaxial toad arciatty is tapered 
from outer conductor to inner conductor, 


since this both reduces the voltage gradi- 


ent and facilitates heat dissipation, A 
dielectric consisting of a mixture of 
bakelite, silica, and graphite, molded in 


place, has been found satisfactory. For 


wave guides, a ceramic containing carbon 
may be preformed, with taper in one or 
two dimensions, and cemented in place. 
Figure 22 shows a number of RF loads 
developed for different frequency bands. 
One of these, T\S-235/UP, provides an 
excellent impedance match over the fre- 


quency range from 500 megacycles to | 


above 3,000 megacycles. When equipped 
with a blower designed for uniform trans- 
verse ventilation, it will handle a peak 


power of the order of 750 kw with a duty 


cycle of about 0.001. 


MICROWAVE ATTENUATORS AND PADS — 


RF attenuators and pads are corner- 
stones of microwave testing. Attenuators 
are used to adjust unknown signals to 
levels suitable for measurement and to 
obtain the minute test signals required for 
measuring receiver characteristics. Pads 
serve to change levels and to prevent in- 
teraction between testing components. 
Microwave attenuators and pads are of 
two general types: 


1. Those which employ dissipative ele- | 


ments to absorb power. 


2. Nondissipative devices which introduce 
propagation or coupling loss. 


For the shorter microwaves, the most 
convenient form of attenuator is of the 
dissipative type, employing a strip or vane 
of dielectric coated with a resistance ma- 
as for example, carbon-coated 
bakelite. This is placed in rectangular 
wave guide with its plane paralleling the 
side of the guide. The attenuation is 
varied by varying the depth to which the 
vane is inserted in the guide (Figure 23A) 
or by changing its position in the guide. 
A valuable feature of such attenuators is 
that the minimum loss can be made sub- 
stantially zero. For good impedance 
match, the strip must be tapered. By 
using two strips, the over-all length of the 
attenuator can be reduced. Extremely 
satisfactory attenuators of this type cov- 
ering a frequency range of 8 to 12 per 
cent, with loss variable from 0 to 35 or 40 
decibels, have been obtained in the fre- 
quency range 4,000 to 24,000 megacycles. 

For the longer microwaves, where wave 
guides are inconveniently large, attenu- 
ators of the wave guide-below-cutoff 
type are very useful. These consist of a 
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7 ; ~ _ ‘ set 5 
: section of focuet wave Cae the diameter uy 
of which. is small “compared with wave | 


length and whose | length is adjusted by 
telescoping. (See Figure 3B Fr iT) 
TM, mode has been found very sati 


factory, and TE, has also been used. 
Connection is made to the attenuator 
by a coaxial circuit at each end, with 


disk excitation for the TM),, mode and 
loop coupling for TE,. 


D oN 


PETAL SUM a LStD 
DO RR oS De Nea VB Wl | ene 
; decibels per meter 


(12) 


. 32.0 fat. TNA 
TE =~ 4/1-( ——— 
ilsut D ( x ) 
decibels per meter (13) 
where D\ = diameter of wave guide in 
meters. Because of the effect of other 


modes when the coupling is close, a mini- 
mum loss of 20 to 30 decibels is required 
before the .attenuation becomes linear 
with displacement. The attenuation dif- 
ferentials are substantially independent 
of frequency. Attenuators of this type 
present a large impedance mismatch at 
either end, the effect of which may be 
alleviated by padding or by a termination. 
Types of pads employed in microwave 
work include the following: 
1. Flexible coaxial cable, usually with high 
resistance inner conductor. 


2. Coaxial 7 with carbon-coated rod and 
disks. 


3. Coaxial with carbon-coated rod as inner 
conductor. 
4. Resistance strip in wave guide. 


5. Directional coupler. 


In calibrating microwave attenuators 
and pads, comparison with an accurately 
calibrated IF attenuator, using a hetero- 
dyne test set, has been found to give ex- 
cellent results. 


RF CABLES AND CONNECTORS 


Flexible radio-frequency cables for con- 
necting test equipment to equipment 
under test are an important adjunct of 
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The attenua-- 
tion formulas arel®= ' 


. | syne | 
AMPLIFIER 

EXTERNAL 
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field testing. At frequencies of 10,000 


megacycles and below, flexible coaxial _ 


cables of about 0.4-inch over-all diameter 
with solid or stranded inner conductor, 
solid low loss dielectric (polyethylene) 
and braided outer conductor have been 
used satisfactorily, although in the upper 
part of this range special measures have 
been necessary to prevent attenuation 
change caused by flexure and aging. Over 
most of this range, coaxial jack and plug 
connections have been found satisfac- 
tory, but wave guide connectors are pref- 
erable at the upper end. In the range 
above 10,000 megacycles, coaxial cables 
of requisite stability have not yet been 
obtained, and rubber-covered wave guide 
with soldered articulated joints is the 
best form of flexible cable now available. 


Oscilloscopes 


Oscilloscopes are used extensively in 
radar maintenance for examination of 
video waves and for viewing RF enve- 


Figure 25. Test oscilloscopes for viewing 
wave forms in radar equipments 


Left to right: BC-910-A (1949), TS-34A/AP 
(1944), and TS-239/UP (1945) 
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| SAWTOOTH 
SWEEP GENERATOR |—) 


Figure 26. Block diagram of T5-34/AP and ¢ 
TS-34A/AP oscilloscopes a 


. 
ay | 


lopes. 
depends on a variety of video wave — 
shapes, which may include trapezoidal or 


triangular pulses, sawtooth waves, square — 


waves, or combinations of these. Ob- 
servation of these wave shapes, supple- 
mented if necessary by measurements of 
amplitude and duration, helps in diag- 
nosing many troubles. 

Examination of the envelope of the RF 
pulse is a convenient but less informative 
alternative to spectrum analysis. The 
envelope should be a clean, single trace of 
good shape. Figure 24 shows traces 
sometimes experienced. Double mod- 


ing, that is, oscillating at different fre- — 


quencies on different pulses, is shown by 
a double trace. Frequency-jumping 
during a pulse is shown by a break in the 
envelope. Misfiring gives a base line 
under the envelope. Other abnormalities 
in the RF envelope may result from in- 
correct video wave shape. Observation 
of the RF envelope requires a rectifier, 
usually a crystal, together with a suitable 
video amplifier. Since limitation of the 
oscilloscope to video functions permits 
general application to radar sets of all 
frequencies, the rectifier generally is 
provided externally. 

The oscilloscopes available before the 
war did not meet the requirements of 
radar. Fast sweeps were necessary to 
permit viewing of pulses ranging from 
several microseconds to a fraction of a 
microsecond. Amplifiers were required 
for such pulses with low phase and ampli- 
tude distortion over a broad frequency 
band. Existing methods of synchroniz- 
ing and phasing sweeps were also inade- 
quate. The progress of the oscilloscope 
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Satisfactory radar performance — 


art dines the war is  qiuerrared in the 


_ The BC910A oscilloscope, gotten out 


as a stop gap not long after the attack on 


Pearl Harbor, incorporates fast sweeps 
and broad-band amplification. Follow- 
ing close upon this was the BC1087A 
(Navy code CW60AA Y), which replaced 


_ sine-wave synchronization by a start-stop 
_ sweep triggered by the incoming pulses. 
This feature made it possible to superpose 


the erratic pulses produced by spark 


_ wheel and similar pulsers and at the same 
time avoided external synchronizing con- 


nections. A valuable feature conjoined 


with the start-stop sweep was a delay 
_ network in the main transmission path 


which gave the sweep time to start before 
the pulse reached the cathode-ray tube. 


_ This oscilloscope in original and modified 


form has seen wide service in all theaters. 


_ However, its weight of more than 60 


i 


pounds was a handicap for many uses. 
Further advances in oscilloscope cir- 


atl Wyetiipene pecs 
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Figure 27. Block diagram of TS-102/AP 
and TS-102A/AP range calibrators 


cuitry and in weight limitation resulted 
in TS-34/AP, weighing only 25 pounds. 


_ This combined the short-pulse features of 


the previous design with those of the con- 
ventional oscilloscope for viewing slower 
waves. A schematic diagram is shown in 
Figure 26. A redesign, coded as TS- 
34A/AP, incorporated variable start- 
stop sweeps and improved mechanical 
design. These two oscilloscopes, 7T.S-34 
and 7\S-34A, were produced to a total of 
some 12,000 and were used universally 
by all branches of the service for both 
radar and radio testing. Toward the end 
of the war the trend toward shorter 
pulses, coupled with the need for precise 
measurement of wave amplitude and 
duration, led to a new design, 7.S-239/UP, 
which embodied wide advances over T'S- 
34A in performance and versatility but 
with an increase in weight. 

In association with different oscillo- 
scopes, other video devices have been em- 
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MULTI- 
VIBRATOR 


SQUARING 
AMPLIFIER 


; ployed. ‘The aiplinide of ets seat ae 
~ successive designs of field test oscillo- 
‘scopes shown in Figure 25. : 


to the magnetron is thousands of volts. 


To derive a voltage suitable for applica-. 
tion to the oscilloscope, a voltage divider 


of the capacitor type is used (T.S-89/A P). 
Suitable video terminations, dividers, 
and loads, sometimes of high voltage and 
power capacity, are required to obtain 
proper test conditions and provide con- 
venient test points (TS-98/A P, TS-390/- 
TPM-4, TS-90/AP, TS-234/UP). Orig- 
inally a high impedance connection to 
the oscilloscope was effected by a single- 
stage amplifier unit (BC1167A), but a 
simple divider-type of probe was later 
found more satisfactory for this purpose. 


Range Calibration 


Types of timing circuits used for radar 
range determination include multivi- 
brators, coil. and capacitor oscillators 
(generally without but sometimes with 
temperature control), and occasionally 
quartz crystal oscillators. The first two 


ies 


DIFFERENTIATOR 


SYNC PULSE 
OUTPUT 


DIFFERENTIATOR 


MARKER PULSE 
OUTPUT _ 


depend for their accuracy on capacitors, 
resistances, coils and other elements 
which are subject to error due to aging, 
temperature, humidity, mechanical dam- 
age, and the like. Nor is the quartz 
crystal oscillator wholly immune to 
error. Consequently, portable range 
calibrators are required for field mainte- 
nance. 

TS-102A/AP (Figure 27) and its pred- 
ecessors, 7\S-102 and 7JS-19, are preci- 
sion calibrators which have been exten- 
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sively used for checking a large ‘number 
of different air-borne bombing and gun- 


laying radar equipments, and ship-borne _ 
fire control and search radar equipments. — 


These sets deliver accurately spaced 
marker pulses, derived from a quartz 


crystal oscillator, for checking the radar — 
A trigger pulse derived — 


range pulses. 
from a multivibrator synchronized with 
the quartz oscillator is also provided for 
actuating the radar timing circuits. 


With certain radars the calibration pro-_ 


cedure requires an oscilloscope as well. 


Extreme stability of marker pulses, better 


than +0.02 microsecond, is obtained. A 
stop watch is included in these sets for 
checking rate of change in range. 

Less precision is required in range 
calibration of search radar sets. For this 
purpose the T'S-5/AP calibrator provides 
marker pulses of one-quarter, one, five, 
or ten nautical or statute miles, derived 
from a coil and capacitor oscillator with 
closely controlled temperature coeffi- 
cients. This calibrator is designed to be 
triggered by the radar or some other ex-' 
ternal source. 


Computer Test Sets 


A number of radar sets are equipped 
with computers which receive the data 
on location of target and its direction and 
rate of change, together with essential 
related information on such factors as 
wind velocity, ground speed, altitude, 


‘and so forth, and deliver the solution of 


the ballistic problem in the form of a 
voltage which releases bombs, points the 
guns, or serves other purposes. Means 
for checking the accuracy of these com- 
puting devices are generally required. 
The type of test set needed depends upon 
the computer design, which has taken 
different forms according to the nature of 
the problem and the state of the art. 
Two types of computer test sets are 


Figure 28. Two test sets for checking the 
computers used in bombsight and fire control 
radar sets 
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Shown in 1 Figure. 28. 
Lig signed foruse with certain air-borne bomb- 
ing radars, furnishes | to the computer Br. 
signal representing a target approaching 


at known speed and checks the accuracy 
of bomb release. 
for several air-borne and ground radars 
is an accurate instrument for determining 


the voltage ratios at various points in a 
computer and thus ice its perform- 


ance, 


Conclusion : 


ry 


More than 200 different designs of test 
sets were developed during the war by 
Bell Laboratories to meet the exacting 
requirements of radar field maintenance. 
These differed radically from previous 


art. Outstanding features were port- 


ability, precision, and generality of appli- 
cation. The large number of designs are 


caused partly by the varied functions of 


radar and the varied conditions of use. 
Largely, however, it results from the fact 
that the frequency band that can be 
handled in any one set is limited, whereas 
many frequency ranges and subranges 
had to be covered in all. 

Altogether, more than 75,000 radar 


test sets were manufactured by Western — 


Electric Company, and these were used in 
all theaters of war by the United Nations 
forces, The production rate at the end of 
the war exceeded 5,000 test sets a month, 
In numerous cases, moreover, small pre- 
production quantities of test equipment 


_ were built on a “‘crash” basis for special 


missions and for training purposes. The 
test equipment produced for the field had 
to be more precise than the radar sets, 
and the equipment used in the factory and 
the laboratory to test the field test equip- 
ment had to be still more precise. 

Trends of development at war’s end 
were toward 


1. Further broadbanding, simplification, 
and precising. 


2. Coverage of new frequency ranges. 
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7 fe PAPER presents a study of the 
performance of a motor-driven excita- 
tion set designed for large turbine alter- 
nators connected to modern power sys- 
tems. This excitation set has been so 


designed that its performance, both 


steady state and transient, is essentially 
comparable with the usual direct-con- 
nected (shaft-driven) exciter even when 
the driving motor is receiving its volt- 
age from the alternator to which the 
generator is supplying excitation, 

A significant trend to the unit type of 
generating station,!'? with each generator 
connected by its high-voltage transformer 
to the transmission system, has been 
evolving during the last 20 years. This 
trend has been the result of the ability to 
operate largeinter-connected systems with 
a high degree of reliability. Important 
factors in this evolution have been the 
development of high-speed high-inter- 
rupting-capacity circuit breakers, the 
application of quick relaying, and the 
experience to analyze and design systems 
for both normal and abnormal operating 
conditions. In this type of system, each 
generating element is a small part of the 
total capacity, and complete reliance on 
its operation is not so essential as is the 
reliable performance of the major trans- 
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mission system. - Transmission line links 
are required to carry blocks of power of 


greater magnitude than the output of in- 


dividual generating units. The system 
accordingly able to withstand the loss 


any single unit of generation more easily 


than the loss of important line capacity. 
An element of generation may be quickly 


disconnected as a unit because of out-of- , 
step operation or any other trouble. In — 


this way the disturbance is localized and 


more easily cleared. Serious system dis- 


turbances, resulting in load interruptions, 
usually involve more than one generating 


element or station and are the result of | 


failure to localize the initial trouble. 

For the type of station and system 
where the loss of an individual generating 
unit is important to the system reliability, 
the essential auxiliaries may be driven 
from a separate supply such as a house 
alternator. Such an arrangement does 
not place severe requirements on the 
motor-driven exciter, if used, and there- 
fore is not considered in this paper. The 
necessity for this type of station design 
will decrease in the future for even the 
larger capacity generating units. 

With this trend in station and system 
design, it is natural that the essential 
auxiliaries of a generating element should 
more and more obtain their power from 
an auxiliary bus connected by a trans- 
former to the alternator terminals. This 
practice has found considerable favor, 
with the possible exception of the exciter 
of the main generating unit. The exciter 
is one of the most important essential 
auxiliaries, and since its output is usually 
increased several times at the time of a 
system disturbance or low system voltage, 
it is understandable that direct-connected 
exciters should continue to be used in- 
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Outline of typical 30,000-kw 

__ 3,600-rpm turbine alternator showing compar- 

4 ae over-all dimensions for three types of 
‘ excitation systems 


Figure 1. 


- Excitation system: 


ay H 


Direct drive, 

3,600 rpm 50 ft 42/,in 9 ft 4in 
Gear drive, 

1,776 rpm 52ft117/ein 11 ft 115/s in 
Motor drive 44 ft 21/4 in 3 ftQin* 


Dimensions of motor-driven exciter set: 
Length—10 ft 11 in 
Width—3 Ft 1021/4 in 
Height—4 ft 8/4 in 

* Length to end of alternator shaft. 


stead of the more flexible separately 
driven exciters. However, with these 
modern systems it is now possible, as 
will be shown in this paper, to design a 
‘motor-driven exciter set which will have 
a reliability comparable with that of the 
other essential auxiliary drives. 

Motor-driven exciters for turbine-al- 
ternators have the following, rather self- 
evident, advantages over the conventional 
high-speed exciters which are direct- 
driven from the shaft of the main alter- 
nator: 


1. A motor-driven excitation set can be of 
unit construction, and it can be installed in 
locations less expensive than those required 
by a direct-driven exciter. 


2. The motor-driven exciter can be de- 
signed without gearing for a lower and more 
satisfactory speed for a d-c generator of 
its rating. 


8. The design and construction of the main 
alternator unit is simplified.*»*. 


In Figure 1 is shown an outline drawing 
of a typical 30,000-kw turbine-alternator 
set, and on this are given the over-all 
lengths when each of the three major 
types of excitation systems is used: di- 
rect-drive, gear-drive, and motor-drive. 
Note that the over-all length of the tur- 
bine-alternator set using the motor- 
driven exciter is almost nine feet less than 
the over-all length of the turbine-alter- 
nator set using the gear-driven exciter. 
The principal dimensions of a special 
motor-driven 1,200-rpm exciter of co- 
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ordinated design for a typical 30,000-kw 
turbine-alternator are shown in Figure 2. 

Reasons for the former poor reputation 
of motor-driven exciters, and the modern 
developments which have tended to 
minimize the importance of these reasons, 
may be summarized as follows: 


1. Before the use of modern switches and 
relays, the motor-driven exciter connected 
to the main system was not capable of main- 
taining the alternator excitation at the high 
values demanded during loss of synchronism 
and resulting periods of prolonged low volt- 
age. This requirement, however, largely has 
been eliminated by better system design 
and modern apparatus. 


2. During a period of low system frequency 
and consequently low motor speed, motor- 
driven exciters, when operated under manual 
control of excitation, are likely to reduce the 
excitation to a point where generator in- 
stability can result. This tendency was in- 
creased at such periods by the speed gover- 
nor’s trying to increase the kilowatt load of 
the alternator. With the use of modern volt- 
age regulators, however, the desirability or 
necessity for operating under manual con- 
trol has been eliminated. Also, the fre- 
quency change during a system emergency 
is now generally less as a result of the 
increased inter-connected system capacity. 


Because of the developments outlined 
in the foregoing, it becomes desirable to 
re-evaluate the field of application for the 
motor-driven exciter. To fulfill the re- 
quirements of a reliable excitation source, 
a motor-driven exciter must be designed 
to meet the following performance speci- 
fications. These specifications should be 
met even with the driving motor receiving 
its voltage from the alternator to which 
the generator is supplying excitation so 
as to conform with the trend toward the 
simplified unit type of generator station 
design: 


1. Maintain and develop excitation equal 
to that of a direct-connected exciter for 


OFT GIN 


I | ig 
eS 


Figure 2. Outline of motor-driven excitation 
set of co-ordinated design for 30,000-kw tur- 
bine alternator 
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1. Co-ordinated design of turbine alterna- ; 


alternator: terminal voltages down to 70 
_ per cent of normal for sustained periods. — 


2. Provide excitation equal to that of a — 
direct-connected exciter through the most 


severe fault that the alternator itself can ~ 


withstand without losing synchronism when j 
aeeee at full rated steam flow. 


The above requirements, as will be- 
demonstrated, can be obtained by the 
following three design features: 9, 


tor, exciter, and voltage regulator. 


2. Induction motor designed with sufficient 


torque margin to meet the condition of ceil- 


ing excitation voltage with 70 per cent al- | 


ternator terminal voltage (requirement 1 
preceding). 


3. Sufficient additional dywHecl efect dome am 


the exciter set so that reasonably rapid 
excitation can be applied for fault duration 
and severity which are not quite sufficient 
to cause loss of synchronism of the turbine 
alternator at full output (requirement 2 
preceding). 


Determination of Characteristics. 


The following -is a discussion of the 
basis for the selection and design of a 
motor-driven exciter to meet the two pre- 
viously defined performance require- 
ments, that is, prolonged low system volt- 
age and severe system faults. A motor- 
driven exciter set for a 30,000-kw turbine 
alternator built to these general system 
requirements was furnished the Dayton 
Power and Light Company. See Figures 
3 and 4. . 


Low SYSTEM VOLTAGE REQUIREMENT 


System disturbances may occur in 
which the system voltage may become 
comparatively low for relatively pro- 
longed periods of time. A lower system 
design limit for this condition may be 
taken as 70 per cent voltage existing fora 
period of about three minutes. 

For a system voltage of this magnitude 
and duration, difficulty will begin to be 
experienced with the other essential 
auxiliaries of the station; the system 
loads may begin to show a cumulative 
increase in reactive current requirement 
because of stalling of induction motors; 
and the heavily loaded system ties will 
tend to open because of loss of synchro- 
nism. This value of voltage and duration, 
therefore, seems reasonable as a design 
value for a motor-driven exciter. Up to 
these limits the turbine alternator should 
be capable of making a full contribution 
to the restoration of normal system con- 
ditions in order to prevent and reduce 
the possibility of such a cumulative 
breakdown of system interconnection 
and interruption of system loads. 
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ferent limits da in some cases, be 


deemed necessary to meet a particular: 


system condition.. Operating experience | 


and oscillographic records may indicate 
that more or less severe limits may be 
needed as the design values for the set. 
The important point is that the charac- 
teristics of the motor-driven exciter need 
not be haphazardly selected but can be 
designed to meet the requirements of the 
_ system. : 

‘In determining the pullout or maximum 
torque for which the motor should be de- 
signed, the low-voltage condition is the 
determining factor rather than any of the 
requirements for transient stability of the 
alternator. With the motor size deter- 
mined by the low-voltage condition, a 
study of the duration and magnitude of 
this voltage, together with the probable 
alternator and exciter temperatures at 
which this condition occurs, must be 
made in order to obtain an excitation 
system with the best compromise among 
size, cost, losses, and pullout power. 
For instance, an induction motor which 
must furnish ceiling excitation with 60 
per cent voltage at its terminals and 
with the alternator in the cold (25 
degrees centigrade) condition will be 
about three times as large as one for 
which it is felt adequate to design for 80 
per cent voltage in the hot (125 degrees 
centigrade) condition, and is about 1.7 
times as large as a motor designed for 70 
per cent voltage with the alternator and 
exciter temperatures midway between the 
hot and cold conditions. 


The motor-driven excitation set for 
the Dayton Power and Light Company 
was designed for 60 per cent voltage at 
the motor terminals with the alternator 
and exciter at 75 degrees centigrade; the 
thermal capacity of the motor is sufficient 


Figure 3. 30,000-kw 3,600-rpm turbine al- 

ternator of Dayton Power and Light Company, 

designed for use with motor-driven exciter of 
Figure 4 
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Ae carry 7 this load for Sane inter 


three minutes duration each. ie 
FAULT RvOUIREMENT 


The second requirement of being aie. to 


supply an excitation equal to that of a 


standard direct-connected exciter through 


‘the most severe fault with a duration 


corresponding to that which is critical 


for the turbine generator at full output, 


requires a consideration of the transient 
performance of the main unit and of the 


' motor-driven exciter. 


In Figure 5 is given the hypothetical 
system on which transient stability calcu- 
lations were made to determine the oper- 
ating performance of an alternator with a 
motor-driven excitation set. The alter- 
nator is connected to an infinite system 
through a step-up transformer of 10 per 
cent reactance and a tie-line of 25 per 
cent reactance. A 3-phase fault through 
zero impedance is assumed to occur on a 
stub feeder located immediately on the 


high side of the alternator transformer. 


Based on constant flux linkages, the 
critical switching time for this system is 
0.27 second; for the calculations of Ap- 
pendix I, which include the effect of flux 
decay, a switching time of 0.25 second is 
assumed. The induction motor driving 
the excitation set is supplied through a 
transformer whose high side is connected 
directly to the generator terminals. 

This time of 0.25 second or 15 cycles 
for a severe 3-phase fault will be recog- 
nized as typical for the critical time of a 
3-phase fault for turbine generators. 
Most modern systems have fault clearing 
times at least as low as this at and near 
their important generating stations, par- 
ticularly when it is important for the 
maintenance of stability of the generating 
capacity. 

Based..on these considerations, the 
motor-driven exciter designed for the 
Dayton Power and Light Company was 
built having the following characteristics: 


1. Exciter: 4.0* per unit ceiling exciter 
voltage at motor synchronous speed; 2.0 


| 
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Be Inertia: Motor exciter, Bee 
H=32*** (H=5.0 based on exciter : 
plate kilowatt raat i 


Figure 4. Motor-driven exciter for 30,000-kw — 
turbine alternator of Dayton Power and’ Light ; 
Company of Figure 3 


which shows the variation in alternator 
terminal voltage following the application 
and clearing of a 3-phase fault. A more © 
complete explanation of the basis for 
these results, with a more detailed com- 
parison, is given in Appendix I. It will be 
noted that for the case of a 3-phase high- 
voltage fault lasting for 0.25 second, a 
motor-driven exciter of proper design 
can be as effective as a direct-driven ex- 
citer in returning the voltage to normal 
and preventing loss of alternator syn- 
chronism. On the other hand, a motor- 
driven exciter without adequate motor 
power or inertia may result in loss of 
synchronism and, in general, in poorer 
performance than the conventional direct- 
driven exciter. This shows the impor- 
tance of co-ordinating the motor and ex- 
citerdesign with the alternator and system 
characteristics. 


General Design Principles 


In order to insure that adequate inertia, 
pullout, and over-all reliability are built 


* Unit exciter voltage is the exciter voltage neces- 
sary to provide normal no-load alternator voltage 
on the air gap line with the alternator field at 75 
degrees centigrade, 


** Unit field power is the power supplied to the 
alternator field (75 degrees centigrade) with the 
alternator at no-load, normal voltage on the air gap 
line; unit field power is approximately one-sixth of 
the exciter nameplate rating. 


*** The inertia constant, H, is based upon unit 
power as defined directly above and the total inertia 
of the entire excitation set. 
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- MOTOR-DRIVEN | 
EXCITATION SYSTEM 


_A—Alternator 

~ B—Line transformer 

C—Line reactance 

D—Infinite bus 

E—Supply to motor-driven eliation system 
a—Stub feed on which fault occurs 


Alternator: xg=1.25; Xg=1.19; x’g=0.13; 


TV ao=5. 25 seconds; H=5.40 (turbine and 


generator) 
Line transformer: x=0.10 
Line: x=0.95 
Fault: 3-phase fault on stub-feeder at a; fault 


cleared in 0.25 seconds 


into the motor-driven excitation set, the 
following design principles must be taken 
into consideration: 


1. During severe faults, the induced alter- 
nator field currents cause the maximum ex- 
citer power to reach values of the order of 
3.5 times the exciter nameplate rating. Sub- 
sequent to the clearing of the fault, the 
alternator swings coupled with the action 
of the voltage regulator will cause exciter 
loads of the order of three times the exciter 
nameplate rating. 


2. The loads discussed in the preceding 
paragraph must not in any way cause col- 
lapse of the exciter voltage, since the pri- 
mary duty of an exciter during system dis- 
turbances is to furnish sufficient excitation 
voltage to arrest and reverse, as quickly as 
possible, the flux decay in the alternator 
caused by the high induced field currents. 


3. The exciter must be capable of handling, 
without failure, the large field currents which 
are induced during alternator terminal 
faults. These currents may reach values of 
the order of 5 times the exciter nameplate 
rating. 


4. During any prolonged low-voltage 
period, the exciter will go to its ceiling excita- 
tion and remain there for the duration of the 
low voltage. During this period the alter- 
nator field current will be determined ap- 
proximately by the alternator field resist- 
ance and the exciter voltage, as the induced 
field currents will not have a major effect. 


5. During low-voltage periods of the type 
described in the preceding paragraph, the 
maximum exciter load will occur with the 
alternator and exciter in the cold (25 de- 
grees centigrade) condition. If the exciter 
ceiling voltage with a cold exciter is ten per 
cent greater than the ceiling with a hot ex- 
citer, the exciter load with both alternator 
and exciter in the cold condition is 170 per 
cent of the exciter load when the alternator 
(125 degrees centigrade) and exciter are in 
the hot condition. 


6. Transformers and other apparatus be- 
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Figure 5A tata: Assumed typical system 


/ 
‘ 


ay 


Figure 5B (right). 

Vector diagram of 

INFINITE Bus. assumed system. 
Cy * 0.840 Line and transformer 


are grouped together 

in the above diagram 

as x,; saturation and 

resistance are neg- 
lected 


tween the motor terminals and the alter- 
nator lines will cause the motor voltage to 
be lower than the alternator voltage during 
system disturbances. 


7. During high-voltage transmission sys- 


‘tem faults for a unit type of generating sta- 


tion, a practical lower limit of the motor 
voltage will be about 30 per cent. Sufficient 
inertia must be built into the excitation set 
to carry it through this fault period without 
its speed decreasing to values so low as to 
cause collapse of the exciter voltage. 


8. The main exciter and pilot exciter 
themselves must be designed so that the 
main exciter voltage will not collapse when 
the speed drops to the maximum slip for 
which the excitation set was designed. 


9. The motor pullout must be high enough 
to prevent exciter voltage collapse during 
any prolonged low-voltage condition. In 
particular, the motor must be capable of 
maintaining excitation during low-voltage 
periods even with the alternator and exciter 
in the cold condition. 


10. The exciter ceiling voltage must be 
high enough so that even with the maximum 
motor slip the ceiling voltage is equal to 
that of a conventional direct-driven exciter. 
An upper design limit, however, must be 
placed on the maximum ceiling voltage which 
occurs with the exciter in the cold condition, 
since too high a ceiling voltage at this point 
may produce pullout of the induction motor. 


11. In order to provide the maximum reli- 
ability of operation, it is necessary to have 
the alternator under automatic voltage regu- 
lator control; otherwise a system disturb- 
ance results in reduction of alternator field 
excitation. Greater reliance can be placed 
on the voltage regulator when it is provided 
with a lower limit of excitation which is 
varied with valve position or steam flow. 
This was accomplished in the Dayton 
Power and Light Company’s installation by 
using a new type of direct-acting voltage 
regulator with a simple type of variable 
lower limit. See Figure 7 for a schematic 
diagram of the excitation system and Figure 
8 for a photograph of the regulator. 


Voltage Regulator 


The automatic voltage regulator used in 
the Dayton Power and Light Company’s 
installation is a sturdy mechanical device 
consisting essentially of a torque motor 
and a simple spring-mounted contact sys- 
tem connected to taps on the regulat- 
ing resistor. The design of the device is 
as simple mechanically as is consistent 
with the desired accuracy of regulation. 
The arrangement of parts is apparent 
from Figure 8. 
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The torque-motor, excited from the 
alternator terminal voltage through suit- 
able transformers, resistors, and rectifiers, 
operates silver contacts by means of the 
lever, varying resistance in the exciter 
field circuit to maintain alternator ter- 
minal voltage at the desired value. An 
equalizing reactor in combination with a 
current transformer is provided to assure 
proper division of reactive kilovolt-am- 
peres where two or more similar equip- 
ments are used on machines in parallel. 
A lower limit on excitation which varies 
with steam flow is obtained by a rheo- 
stat attached to the control valve cam 
shaft. The rheostat, connected in paral- 
lel with the regulating resistance of the 
voltage regulator as shown in Figure 7, 
determines as a function of steam flow 
the maximum resistance which can be 
inserted in the main exciter field circuit. 
This lower limit is effective for either 
manual or automatic control of excitation. 

This direct-acting voltage regulator 
provides, in a simple mechanical device: 
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Figure 6. Alternator terminal voltage (see 
Appendix II) 


4—Constant alternator field flux linkages 
9—Conventional direct-driven exciter 
3—Adequate motor-driven exciter 
4—Inadequate motor-driven exciter 
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ALTERNATOR 


1. A smooth fast-acting accurate voltage 
control. 


2. A lower limit on excitation which is 
varied with load on the turbine. 


8. Proper division of reactive kilovolt- 
amperes between generators operating in 
parallel. 


Losses 


The losses of the competing excitation 
systems are not of major importance, 
since their magnitudes are each less than 
one tenth of one per cent of the total 
generation, with the motor-driven set 
being only 0.01 of one per cent of the 
total generation greater than the direct- 
driven exciter. 


Conclusions 


The following conclusions are drawn 
from the results of the study: 


1. A motor-driven exciter of co-ordinated 
design which meets the reliability require- 
ments of modern systems is entirely com- 
petitive and offers several advantages over 
the direct-connected exciter for the majority 
of steam stations. 


2. This greater field of application results 
largely from the following developments: 
(a). Quicker system fault clearing times. 


(b). High voltage transmission line interconnec- 
tions. 


(c). Use of unit type of station arrangement. 


(d). Development of new and improved automatic 
voltage regulators with variable lower limits con- 
trolled by steam flow. 


(e). Ability to predict and analyze system require- 
ments during emergency conditions. 


8, Systems using modern equipment and 
design practices can readily take advantage 
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Figure 7 (left). Schematic diagram of connections for motor-driven ex- 
citer set and voltage regulator 


Figure 8 (above). Direct acting voltage regulator for 30,000-kw tur- 


bine alternator of Dayton Power and Light Company 


of the possibility of using motor-driven ex- 
citers. 


4. Because of the inherent advantages of 
the motor-driven exciter, it is expected 
more and more to replace direct-connected 
exciters in the future, particularly for the 
larger 3,600-rpm units. 
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Appendix I. Analysis of System 
Stability 


The stability analysis of this paper is 
based on the representative system shown 
in Figure 5. Step-by-step calculations on 
this system were used to determine the com- 
parative transient stability of an alternator 
excited by a motor-driven exciter. 

Saturation effects and resistances (except 
the alternator field resistance) were not in- 
cluded in this analysis, but the alternator 
saliency effects were included. Step-by- 
step calculations were necessary in order to 
include the effects of alternator swings, field 
decrements, exciter response, and decelera- 
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tion of the motor-driven excitation set. 

The critical switching time for the system 
of Figure 5 is 0.27 second when based on con- 
stant flux linkages, and for this paper a 
switching time of 0.25 second was assumed. 
The assumed switching time is so close to the 
critical switching time that the flux decre- 
ment has a very pronounced effect. A 
diminution of alternator flux causes the 
synchronizing torque to decrease consider- 
ably and produces an appreciable lengthen- 
ing of the alternator swings, which in turn 
imposes a severe load on the exciter for a 
relatively prolonged period. 

Shorter switching times, or a stiffer tie 
with the infinite bus, or a partial fault in- 
stead of the assumed 3-phase fault, will all 
result in less severe duty on the excitation 
set. In addition, the resistance present in 
any actual system will decrease the alterna- 
tor swings during the fault period, and the 
saturation present in any actual machine will 
retard the alternator flux decrement; both 
of these effects will therefore lessen the duty 
on the excitation set. It is evident from 
these considerations that the results given 
in this paper will err on the conservative 
side. 


Constants 


Alternator: xq=1.25, x7=1.19, x’g=0.18, 
T’ao=5.25 seconds, Ryg=0.513 ohm at 125 
degrees centigrade. The inertia constant 
(turbine+ generator) =H=5.40. With 1.0 
voltage, 1.0 current, 1.0 kva, 0.80 power fac- 
tor at the alternator terminals, the initial 
angle between the alternator excitation axis 
and the infinite bus is 48.4 degrees. 


Tie line: Line x=0.25, transformer 
x=0.10, voltage of infinite bus =0.84. 


Exciter: Ceiling voltage =4.00 (400 volts) 
at 1,200 rpm, response =2.0 at 1,200 rpm. 
The main exciter is separately excited from 
the compound-wound pilot exciter; the 
main exciter voltage is assumed to vary as 
the cube of the exciter speed down to 85 per 
cent of the synchronous (1,200 rpm) speed, 
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- alternator terminals. 


and is assumed then to collapse completely. 
(The exciter for the direct-driven set is as- 
sumed to have a 3.0 ceiling voltage and a 1.0 
response.) 


Induction motor: The power-slip curve of 
the induction motor has a maximum power 


_ of 34 per unit at nine per cent slip, with a 


transformer reactance of three per cent (on 
a 200-kva base) between the motor and the 
Unit motor power is 
defined as the power supplied to the field of 
the alternator with the latter at open circuit, 
normal voltage, on the air gap line. The H 
constant for the entire excitation set (motor, 
exciter, and flywheel) is 32 based on unit 
power to the alternator field. 

Fauli: The 3-phase fault on the stub 
feeder is located on the line side of the gener- 
ator transformer, The fault is cleared in 
0.25 second. 

Critical switching time: The critical 
switching time, based on constant flux link- 


age, for a 3-phase fault as given above is 
0.27 second. 


Method 


The vector diagram of Figure 5B can be 
obtained for the system of Figure 5A by 
using the infinite-bus voltage as a reference, 
and by grouping together the line, trans- 
former, and alternator reactances. 

Using the nonreciprocal unit system of 
Park,® the d-axis equations are as follows: 


va=Lja—Xala 
Vra=Lya—(xa—x'a)ta 
Eya=Tyat+T' aobbya 
From Figure 5B the following are self- 
evident: 
V’a=ew COs b+1g(x’at%e) =Vya 
O0=€e sin '—1(xg+%e) 
P =iglw sin 6+1@@ cos 6 


Therefore 


Yaeo sind (xg—x'g) ea? sin 25 
(x! atte) «2 (X_%e) (x aXe) 
The above expression for power is also the 
expression for torque, since alternator speed 
variations are assumed negligible. 
Alternator field current Ig, and alterna- 
tor terminal voltage e,, are obtained as 
follows: 


sa=Wrat (xa—x'a)ta 
or 
Tyg=€o cos 6+ (xagt+Xe)ta 
ea=Lza— 1 25% 
eg =1.19ig 


(1.25=xq of alternator; 1.19=x, of alter- 
nator; 0.35=x, of external system: trans- 
former plus tie line.) 


= Vea +e1q? 

The decrement of Wa’(=yya) is obtained 
from the machine equations: 
Eya=Tat+T' dob ya 


Eya—Lya 


At= Ag 
T' do 


Avya= 


The above is the decrement in the alternator 
field linkages during the interval At. The 
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Figure 9. Torque 
angle curves 


1—Constant alter- 
nator field flux link- 
ages 
2—Conventional di- 
rect-driven exciter 
3—Adequate mo- 
tor-driven exciter 
4—Inadequate mo- 
tor-driven exciter 


PER UNIT TORQUE 


fe) 20 40 


DISPLACEMENT 


field flux at any time ft, can be obtained by 
subtracting from the initial value of ya 
the sum of all the decrements Ayyq prior to 
the time fy. 


Results 


Based upon the analysis given above, the 
step-by-step calculations in Appendixes III 
and IV were organized. The transient per- 
formance of both the alternator and motor- 
driven excitation set can be obtained from 
these tables. The curves given in Figure 6 
and Figures 9 to 14, inclusive, show the re- 
sults obtained for a specific motor-driven 
excitation set designed for a typical 30,000- 
kw alternator, as well as for the other cases 
defined in Appendix II. 

Case 1 is the ideal case usually assumed 
in swing curve calculations and assumes 
that the exciter response is sufficiently 
rapid to prevent any flux decrement. For 
the present study, this assumption is too 
ideal, and case 1 is of interest only in furnish- 
ing a basis for the study of the other cases. 

Cases 2 and 8 are direct comparisons of 


Figure 10. Aillter- 
nator displacement w 
angle 2 
1—Constant alter- z 
nator field flux link- ra 
ages < 
2—Conventional di- o 


rect-driven exciter 
3—Adequate mo- 
tor-driven exciter 


FAULTED 
PERIOD - 


60 80 100 


ANGLE 


the alternator performance with well-de- 
signed direct-driven and motor-driven ex- 
citers respectively. As mentioned above, 
the motor-driven exciter has been designed 
with a faster response than that of the direct- 
driven exciter. Figure 9 shows the alterna- 
tor torque-angle curves—the alternator 
torque with the motor-driven exciter is al- 
ways greater than the alternator torque 
with the direct-driven exciter. Figure 10, 
which shows the alternator displacement 
angle, shows that the alternator with the 
motor-driven exciter swings less than the 
alternator with the direct-driven exciter. 
Figure 11 shows that the flux linkages in the 
alternator excited from the motor-driven 
exciter are always greater than in the al- 
ternator excited from the conventional di- 
rect-driven exciter. Figure 12 shows the 
slip-time curves of the driving motor and 
shows how adequate inertia will prevent the 
motor slip from exceeding the slip (15 per 
cent) at which the exciter voltage will col- 
lapse. Figure 6 gives alternator terminal 
voltage versus time and shows that the 


4—Inadequate mo- 
tor-driven exciter 
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Figure 


1—Constant alterna- 
tor field flux linkages 
2—Conventional di- 
rect-driven exciter 
3—Adequate mo- 
tor-driven exciter 
4—Inadequate mo- 
tor-driven exciter 


* 


Figure 13. Allter- 
nator field voltage 


1—Constant alterna- 
tor field flux linkages 
2—Conventional di- 
‘rect-driven exciter 
3—Adequate mo- 
tor-driven exciter 
4—Inadequate mo- 
tor-driven exciter 


Figure 14. A\llter- 
nator torque 


1—Constant alterna- 
tor field flux linkages 
2—Conventional di- 
rect-driven exciter 
3—Adequate mo- 
tor-driven exciter 
4—Inadequate mo- 
tor-driven exciter 
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may develop if the motor- 
set is not designed wi 2 
and pullout. Figure 10 shows h 
nator displacement angle incre 
limit. Figure 12 shows how 
motor begins to stall, and Figure 6 st 
how the alternator voltage decreases tow 
zero. y ; nad “an yA ‘ 

These results show that with the qui 
switching times of modern systems, it is > 
possible to build motor-driven excite 
whose performance is comparable with t 
of the direct-driven exciter. 


- % 


ra K 


Appendix Il. Comparative aw 
Characteristics of Excitation 
Systems « = fy aaa 


The comparative transient performance of | 
a turbine-generator excited by various ex- 
citation systems is given by the following 
figures. (Details pertaining to the calcula- 
tion of the curves of these figures are given 
in Appendix I.) ; 


Figure 6—Terminal voltage versus time. 

Figure 9—Torque-angle curves. 

Figure 10—Displacement angle versus time. r 
Figure 11—Field flux linkages versus time. _ 
Figure 12—Motor slip versus time. : 
Figure 13—Field voltages versus time, 

Figure 14—Torque versus time. 


The numbers on the curves of the above | 
figures refer to the various excitation systems 
and are defined as follows: 


1. Constant alternator field flux linkages. ; 


2. Conventional direct-driven exciter (direct- 
driven from shaft of turbine-generator); 3.0 ceiling; 
1.0 response. 


3. Motor-driven exciter with adequate inertia and 
motor power. Exciter: 4.0 ceiling at motor syn- 
chronous speed; 2.0 response at motor synchro- 
nous speed. Motor: maximum shaft power 
(1.0e) =34 per unit;* slip at maximum power=9 
per cent; inertia: motor, exciter, and flywheel; 
H =32.** 


4. Motor-driven exciter with inadequate inertia 
and motor power. Exciter: 3.0 ceiling at motor 
synchronous speed; 1.0 response at motor synchro- 
nous speed. Motor: maximum shaft power (1.0e) = 
12 per unit;* slip at maximum power = 10 per cent. 
Inertia: motor and exciter (no flywheel); H=6.** 


* Unit field power is the power supplied to the 
alternator field with the alternator at no-load, 
normal voltage on the air-gap line; unit field power 
is approximately one-sixth of the exciter nameplate 
rating. 


** The inertia constant H is based upon unit power 
as defined directly above, and the total mertia of 
the entire excitation set. 
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Appendix Ill. Alternator Calculation 


Time in seconds at center of interval t 
Displacement angle from swing sheet 6 
d-axis field-winding flux Wya 
€wm Cos 6 €o COs 6 
(x’at+xe)ia=Vya— ee cos 5 (3-4) (x’at%e)ta 
tg ta 
(Xg+%e)ig=€o sin 5 €o Sin 6 
1g tg 
igéo sin 6 (6X7) igo sin 6 
go cos 6 (8X4) igéwm Cos 6 
tglo Sin 5+-17¢€m cos 6=T 1B 
(xat%e)ta (xat+Xe)tg 
€w COs 6 €w cos 6 
Tya= (Xat%e)ta tem cos 6(12+138) Iya 
Eyq from g of Appendix IV Ejxa 
T' aobbja= Eya—Iya(15-14) Eya—Iya 
Eya-Tya_ Avs4 Avra 
Ti At At 
ain XAt with At=0.05 second. 
( At=0.025 second for discontinuous 
points) Avya 
¥ya of preceding interval and Ayyg ya 
Time at end of interval t 
Tya (14) Iya 
Xala Xata 
€td =TIya—Xala (21a-21b) Cra 
&q= Xqtq tg 
er=V erat eg ey 


8-2 2 8) 2S SS VS VS Se ss 


3 


(n). 


(0). 
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Time in seconds at center of interval t 
é; from 23 of Appendix III et 
Slip at time ¢ 5 
kwm=input to induction motor = 


Pe. (P at slip s is obtained from 

power slip curve) kwm 
Exciter response for zero slip AEyza(s =0) 
Exciter voltage for zero slip 

Eya(s =0) of preceding interval plus 

AE za(s = 0) Eya(s = 0) 
Actual exciter voltage = 

(1—s)8 Eya(s =0) Eva 


Iya from 14 of Appendix III Iya 


Kilowatts delivered to alternator 
field = Eya XTya kwy 
kWm—kwg(d—1) Akw 
Akw of 7X At with At=0.05 second 
(At=0.025 second for discontinuous 
points) Akw seconds 
kw seconds of preceding interval 
plus Akw seconds kw seconds 
Rk f 1 
V a eye f 
HT of excitation system 
Slip at end of interval=1—s Ss 
Time at end of interval t 


Appendix IV. Induction Motor Calculation 
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ee relatively small, the arc damage usually 
_ slight, and the faulted equipment in 
a ee nearly all cases can be removed from serv- 
ice without relay action or service dis- 


1942, faults developed simultaneously at 
‘two. points 300 feet apart on the un- 
Perino 60-cycle 13.2-kv bus in the 
-Holtwood station of the Pennsylvania 


an Water and Power Company. This 
G\ ____ trouble resulted in severe arcing and dam- 
age to the bus structure before the faults. 
er, were isolated. 

e oi It is unlikely that two insulators at a 


distance from each other would fail si- 


GENERATOR 
WINDINGS 


PHASE CAPACITANCES 
TO GROUND OF BUS AND 
CONNECTED EQUIPMENT 


multaneously without some electrical 
disturbance initiated by the failure of one 
causing the failure of the other. Nu- 
merous studies of ungrounded electric 

_ systems have been published which show 
that overvoltages as high as six to eight 
times normal theoretically can occur 


when a ground fault produces an arc.1:2)3.7 ° 


This paper describes an experimental de- 
termination of the magnitude of over- 
voltages produced by several types of 
arcing grounds on the Holtwood bus, and 
complementary tests and analyses to de- 
termine the nature of the phenomena re- 
sponsible for the insulation failures and 
the forced outage. The investigation dif- 
fered from those previously described in 
technical literature in that experimental 
work was done with actual high voltage 
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pes BUSSES dns Snaecaa equip- 
a ment in electric power stations some- 
time és are operated ungrounded. When a © 
single insulation fault to ground occurs on 
a system of this type, the fault current is — 


: turbance of any kind. However, in April 


ares to ground on a -13-kv station bi is 
rather than on a high-voltage | transmis 
sion line or a low-voltage mee : 


Because the work reported here was — a 


equivalent circuit. 43 


done only with arcing grounds on a 13-kv 
normally ungrounded station bus, con- 
clusions are limited to only this class of 
service and do not include high-voltage 


transmission line phenomena or eres 


of switching surges. 


) Scope of Investigation 


The investigation involved the follow- 
ing steps: 


1.. As an introduction to arcing ground 
phenomena on a 3-phase bus, a study was 
made of the electrical vector relationships 
involved. 


Figure 1. Simpli- 
fied equivalent cir- 
cuit of Holtwood 


IGENERATOR 60-cycle bus 


NEUTRAL 
POTENTIAL 
TRANSFORMER 


2. Astudy of the high-frequency character- 
istics of the bus and connected equipment 
was made to determine whether standing 
waves could have contributed to the genera- 
tion of very high voltages on the Holtwood 
bus. 

3. The characteristics of arcs under simu- 
lated arcing ground conditions were studied 
on a laboratory scale. Are gaps were de- 
veloped which had, as nearly as practicable, 
the characteristics theoretically required for 
the production of high voltages by arcing 
grounds. 


4, Arcing grounds at high voltages were 
placed on the Holtwood bus under progres- 


Paper 46-44, recommended by the AIEE committees 
on protective devices and power transmission and 
distribution for presentation at the AIEE winter 
convention, New York, N. Y., January 21- 25, 
1946. Manuscript submitted November 21, 1945; 
made available for printing December 20, 1945. 


|e E. ALLEN is chief of tests and S. K. Watporr is 
senior test engineer, Pennsylvania Water and 
Power Company, Baltimore, Md. 
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Eca 


eater oud grou nd Ww 
supply the gal 
fault. es exa 


constants connected as shown in 

In normal operation, the capa t 
have the phase-to-neutral voltages Eos, 
Eo’, and Egg, shown in Figure Ah an My 
pressed upon them. The simplest ‘YP 


Eac 


Figure 2. Vector relationships on a 3-phase 
bus . 


A—Voltage vectors 


B—Voltage and charging current vectors with 
A-phase grounded 
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of ground fault to examine is a solid con- 
nection through an ammeter connected as 
indicated in Figure 3. With the solid 
ground, the phase A capacitance is short- 
circuited, the voltage on phase B capaci- 
tance becomes EF,” and that on phase C 
capacitance becomes Ey ;, shown in 
Figure 2B. The power voltage to ground 
on the unfaulted phase capacitances 


Table |. Frequencies at Which Resonance 
Phenomena Appear on Representative 60- 
Cycle Units in Holtwood Station 


Resonant 
Frequencies, 
Unit Rating Ke 
No. 15 trans- 
former...... 3 phase, 13.2 to 73 
kv with taps, 
Sash 00) KV Alas ansieis 16, 18, 46, 55, 
60 
No. 12 trans- 
POPIEL eis 3 phase, 13.2 to 73 
kv with taps, 
20,000 kva. 2 4y 5: 15.5, 21.5, 26 
No. 10 water- 
wheel gen- 
erAtors) ds << 3 phase, 18.2 kv, 
94.7 rpm, 15,000 
Raa. cen aeae 1.6,10 
No. 15 steam 
turbine 
generator....3 phase, 13.2 kv, 
1,800 rpm, 12,500 
Vale role k eos wre ces 3.8, 33, 62 
No. 62 fre- 
quency 
changer..... 3 phase, 60-cycle, 
13.2 kv, 300 rpm, 
PAA QHEVE, oslapeeie''s,0 4.2,21.2,50 


thus becomes phase-to-phase voltage or 
1.73 times the normal phase-to-neutral 
voltage. 

When one conductor is grounded, the 
neutrals of Y-connected equipment on 
the bus are no longer at ground poten- 
tial. In the case considered, the voltage 
between the equipment neutrals and 
ground becomes Eo4. By the connection 
of generator neutral potential transform- 
ers as shown in Figure 1, the appearance 
of a neutral voltage to ground is used at 
Holtwood to detect the presence of a 
ground fault. In the majority of cases, 
the operation of the ground detector re- 
lay is the only indication to the station 


Ic 


TO GROUND 
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PHASE CAPACITANCES 


Figure 4. Connec- 

tions for high-fre- 

quency _—measure- 
ments on bus 


Distance between 
test points X and Y 
is about 300 circuit 
feet 
-VARIABLE HIGH 


FREQUENCY 
OSCILLATOR 


CATHODE RAY 
OSCILLOSCOPE 


TWO SINGLE 
CONDUCTOR CABLES 
IN PARALLEL PER 
PHASE 


operator that something is wrong, be- 
cause the equipment continues to func- 
tion otherwise in a normal manner. The 
characteristics of this type of fault de- 
tector are analyzed in Appendix II. 

If insulation should fail on phase A, it 
probably will occur when Eo, is at or 
near its peak value, Phase A capacitance 
will be short-circuited, its charge sending 
a surge through the fault. The voltages 
on the two unfaulted phase capacitances 
suddenly change from the respective 
phase-to-neutral values to the higher 
phase-to-phase values. These capaci- 
tances are charged through the fault by 
the higher voltages. The magnitude of 
the surge through the fault depends upon 
the system operating voltageand the value 
of the phase capacitances. It is therefore 
important, when investigating arcing 
grounds, to know the system voltage, 
which can be measured directly, and the 
phase-to-ground capacitances or capaci- 
tive reactances. A method for measur- 
ing the latter is given in Appendix I. 


GENERATOR 
WINDINGS 


Figure 3. Circuit 

conditions when A- 

phase bus conductor 

is grounded through 
an ammeter 
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NO.1S TRANSFORMER 


~@~—TEST POINT X ; 


+ NO12 TRANSFORMER 


CATHODE RAY 
OSCILLOSCOPE, 


9OFT CABLE 


ONE 
OF 


CONDUCTOR 
BUS 


NO.10 GENERATOR 


Standing Wave Characteristics of 
Operating Equipment 


A station bus and its connected equip- 
ment do not have concentrated capaci- 
tances to ground as shown in the simpli- 
fied equivalent circuit of Figure 1. Each 
element of bus and equipment has its in- 
herent distributed capacitance and in- 
ductance with consequent characteristic 
frequencies at which resonance phenom- 
ena can occur. With the individual 
components of the system connected in 
parallel for operation, there are a number 
of such resonance frequencies at which 
oscillations might be initiated by an 
arcing ground. The phenomena are of 
interest because standing waves at the 
resonance frequencies can cause uneven 
distribution of voltage to ground along 
the bus system. A study of standing 
waves on such a system gives some insight 
into the way in which wave phenomena 
can cause overvoltages. 

Standing waves on the Holtwood bus 
were investigated by observing changes of 
impedance of each type of equipment, 
singly and in combination, as the fre- 
quency of a voltage applied between 
one phase conductor and ground was 
varied between 100 and 100,000 cycles 
per second. Except for the high-fre- 
quency voltage, the equipment was not 
energized. The work was done expedi- 
tiously by utilizing a chart-drawing 
transmission line fault locator.4 The 
fault locator charts were obtained quickly 
and on them the resonance frequencies 
were at once apparent. 
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cies and equipment ratings are indicated 
in Table I. The bus structure used in 
_ the tests apparently has no effect in the 
frequency range covered. 

More directly bearing on a study of 


‘overvoltage production is the behavior 


of a combination of station operating 


units when a voltage of varying frequency 


is applied. The combination of equip- 
ment shown in Figure 4 was connected 


_ and energized only by the variable fre- 


quency oscillator connected in turn at 
test points X and Y. X and Y were 


_ chosen as test locations because it was at 


_ these points, separated by about 300 feet 
of lead covered cable, that the faults oc- 
curred causing the disturbance of April 
1942. 

The two cathode ray oscilloscopes were 
used as voltmeters, one at the oscillator 
and the other at the other test point. 
The ratio of the instrument indications 
was a measure of the voltage rise due to 


_ standing waves. 


Figure 5 shows that voltage multiplica- 
tion up to 23/, times was measured with 
the test arrangement. The resonance 
frequencies for the combination were 
those of the connected individual units. 
It should be noted that the maximum 
voltage multiplication within the meas- 


‘urement range occurs at the relatively 


high frequencies of 50,000 and 100,000 


_ceycles per second. These tests indicate 


that no voltage higher than three times 
normal is to be expected from standing 
waves at any natural frequency of the 
system, a point substantiated by the 
arcing tests described later. 


Characteristics of Arc Gaps 


The ways in which overvoltages can 
be developed on an ungrounded system 
have been described in great detail in the 
technical literature. A few of the many 
papers on the subject are listed in the 
references of this paper. Simply stated, 
overvoltages can be built up by an arcing 
ground if the arc is made to restrike each 
half cycle at progressively higher volt- 
ages. If this restriking can be made to 
occur at the natural period of the system, 
the resulting voltages theoretically will 
be higher than if the restriking phenome- 
non occurs at power frequency. 

Before the arcing tests on the Holt- 
wood bus were undertaken, it was neces- 
sary to study the characteristics of vari- 
ous types of arc gaps and to develop 
one having as nearly as possible the be- 
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a unit lof capt tive of 60- oe pairs a 
+ normally connected to the Holtwood bus f 
was ‘measured. The resonance frequen- _ 


us 


INPUT VOLT. 


7 


ct, 


= 


in ie 4 


RATIO OF OUTPUT VOLTAGE TO 


FREQUENCY OF APPLIED VOLTAG! 
TENS OF KILOCYCLES PER SECOND — 


' 


havior which theory indicates should 
produce high overvoltages. While mak- 
ing the development, highly artificial 


methods were avoided such as are em- 
ployed in high speed circuit breaker 
practice to obtain progressively higher 


dielectric strength in the are gap at each 
restrike, because such conditions are un- 


likely to occur in the field. 


Three-phase equipment was not avail- 
able for the developmental work to sup- 
ply the same arc voltage and current as 
would be produced in the field. However, 
conditions were approximated quite well 
with the single phase circuit shown in 
Figure 6. The maximum voltage that 
could be used was limited to 9.6 kv by 
the rating of the capacitors, as compared 
to 13.2 kv on the tested bus. The break- 
down of the tested gaps during the de- 


EACH UNIT MADE UP WITH 4-6.9 
EACH EQUIVALENT TO 1.73 pf AT. 9. 


Figure 6. Arrange- 


33-KV 
ment for preliminary BOOT KYA 
tests of discharge TRANSFORMER 


gaps, oscillograph 

shunt, and instrument 

transformers used in 

the arcing ground 
tests 


velopmental period could not exceed 
1/. of 9.6 kv=4.8 kv because of the ca- 
pacitor limitation, This compares with 
13.2/1.73=7.6 ky, the voltage initially 
across any fault that might develop on 
the actual bus. 

In the circuit of Figure 6, two other ele- 
ments for the protection of equipment 
were added besides the protective gap. 
The 17.5-ohm resistor in series with the 
are gap was included to damp out high 
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conductors in the early stages 
work, The choke coil was placed ' ke 
stray hégh frequency currents from 

transformer. The noninductive sl 
of straight carbon rod provided the v 


age drop for making the wave form of the £ 
are current appear on the ‘oscilloscope. "J 


F< a 


Besides being used for the gap develop- 
ment, the circuit of Figure 6 was used to 


ensure that the instrument transformers _ 
used in the field tests correctly repro-_ 
duced wave forms within the frequency — 


capabilities of the oscilloscopes and os- 
cillograph used, _ 

The first type of gap studied was a 
simple air gap of the form shown in Figure 
7. It was tested in the circuit of Figure 6 
where it exhibited a restriking character- 


istic. Each half cycle the voltage on the © 


# UNITS IN SERIES ovv-6 

KV MAXIMUM 17.52. DAMPING 
1.75 MH RESISTANCE 
RF CHOKE DISCHARGE GAP, 


PROTECTIVE GAP 
SET AT 150 % 
TEST VOLTAGE 


NON-INDUCTIVE 
SHUNT 


TO CATHODE RAY 
OSCILLOSCOPE 


gap rose and then dropped abruptly as 
the gap broke down. The wave form of 
the are current also showed that the are 
was out for an appreciable fraction of 
each half-cycle. 

‘The initial breakdown of the gap was 
always at a voltage higher than subse- 
quent breakdowns, a characteristic com- 
mon to all open, fixed-length arcs in still 
air, and which is unfavorable for over- 
voltage production. A strong blast of 
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air blown across the gap maintained the 
breakdown at its high initial value and 
also caused several restrikes each half 


cycle. Since this artificial condition is 
not normal in the field, the air blast was 
not used for any bus tests, 

The next type of gap tested is shown in 
Figure 8 and consists of a porcelain en- 
closed and filled gap designed to produce 


_ in a controlled way an arcing breakdown 
_ similar to that occurring when a porcelain 
- insulator fails. 
_ inch diameter, were used to simulate the 
_ large metal cap and pin of an insulator 


The large electrodes, 1- 


which do not overheat quickly when an 
arc is formed. The length of this en- 


- closed gap was set by trial to give the 


desired breakdown value with the gap 
space filled with porcelain granules. 
While this adjustment was being made, 
a high resistance was connected in series 
with the gap to limit the current to a 
small value. When the gap was placed in 
the test circuit of Figure 6, the arc was 
erratic, sometimes restriking a number of 
times each half-cycle. After a few cycles 
the porcelain granules fused and the gap 
practically short-circuited. The number 
of cycles that the arc persisted depended 
upon the power liberated in the are. 
This gap, like the simple open gap, did 
not restrike at progressively higher volt- 
ages but acted more as a voltage limiter. 

A third type of gap which was thought 
to produce more severe test conditions 
was constructed by converting the simple 


ie 


1S ail 
(1/2" CAP SCREWS) 


ADJUSTABLE 


FOR TERMINAL CONNECTION 
AND MOUNTING BOLT. 


gap of Figure 7 into a self-lengthening 
gap, One of the cap screw electrodes was 
drilled axially to hold a small fusible elec- 
trode, a number 22 gauge wire. The posi- 
tion of the wire was adjusted with respect 
to the undrilled electrode, and held fast 
with a set screw, to give any desired in- 
itial breakdown. After an arc formed on 
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Figure 8 TiPorcelain 
enclosed aad filled 
arc gap. 


PORCELAIN 
GRANULES 


er 
WLLLLL 

PORCELAIN, TUBE 
3° LONG, 11D, 


INSULATING ROD 


/ 
? 


INSULATING ROD 


IRON ELECTRODE 
DIAM 


ELECTRODES ARE SLIDING © 
FIT IN METAL END PIECES 
AND PORCELAIN TUBE. 

SET SCREWS FASTEN THE 
ELECTRODES, 


FOR TERMINAL CONNECTION 


AND MOUNTING BOLT 


the self-lengthening gap, the burning of 
the wire during each half-cycle of power 
current increased the length of the arc 
gap, permitting the restrike voltage to 
rise progressively. Figure 9 shows the 
appearance of the self-lengthening gap, 
before and after a test. As described 
later, this type of gap produced higher 
voltages than the fixed length gaps when 
used for arcing grounds on the Holtwood 
bus, but still the voltages were not nearly 
as high as published theory indicates. 

The final design of gap, which produced 
the most severe arcing conditions in the 
bus tests, was an enclosed self-lengthen- 
ing gap obtained by modifying the en- 
closed gap of Figure 8. The porcelain 


INSULATING STRIP 


yf TERMINAL 


Figure 7. Open arc 
gap 


tube having 1-inch inside diameter was 
replaced with one having 3/16-inch bore. 
Iron electrodes were gasket-sealed into 
this tube. The air gap was made self- 
lengthening by providing one of the iron 
electrodes with a projecting small’ copper 
wire to be burned away by the are. The 
small sealed space occupied by the arc 
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and the progressive arc lengthening were 
especially favorable to overvoltage pro- 
duction. 


Method of Making Arcing Ground 
Tests on the Station Bus 


The station equipment which was used ~ 


for the high frequency measurements was 
also used for the high voltage arcing 
ground tests. Due to system operating 
conditions, number 9 generator was sub- 
stituted for number 10 generator in the 
latter tests; the two machines are essen- 
tially duplicates. Figure 10 gives the 
connections for the arcing ground tests. 
This test arrangement produced a charg- 
ing current of 2.5 amperes through a 
solid ground as compared to a current of 
about 9.1 amperes produced by the entire 
bus system used in normal operation. 
The capacitive reactance to ground of one 
phase conductor of the test arrangement 
was thus about 9.1/2.5X2,500=9,100 
ohms as compared to 2,500 ohms for op- 
erating conditions. 

The section of the bus indicated in 
Figure 10 was that on which occurred one 
of the faults of April 1942 and power 
transformer 71 was number 15 trans- 
former where the other fault occurred. 
The fuse and gaps shown in the are gap 
circuit of Figure 10 were included as 
safety precautions. Another safety meas- 
ure was the insulating transformer be- 
tween the oscillograph and the are gap 
circuit. It was especially developed for 
the work, tested and modified until it 
had insulation adequate to protect the 
oscillograph operator against mishaps 
and it reproduced complex wave forms 
faithfully on the oscillograph. 

The klydonograph, a photographic 
surge crest voltage recorder producing 
Lichtenberg figures, was connected to the 
bus through a 3-pole capacitive poten- 
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tiometer. The klydonograph-potenti- 
ometer combination was calibrated as a 
unit with 60-cycle voltage. 

The test potential transformers PT1 
and PT2 had a rating of 34.5 kv, 4*/2 
times the normal bus voltage to ground, 
to ensure the proper recording of any 
power frequency overvoltages. The kly- 
donograph was relied upon to record any 
high frequency or surge overvoltages be- 
yond the range of the magnetic oscillo- 
graph. The potential transformers PT3 
and PT4, measuring the generator neu- 
tral-to-ground voltage and the phase A-to- 
phase B voltage, respectively, were regu- 
larly used station equipment. 

Because more station equipment is 
normally connected to the bus than was 
the case during the tests, one of the tests 
was performed with a 3-phase Y-con- 
nected neutral-grounded bank of capaci- 
tors connected to the bus at test location 
Y. Each of the three legs of the bank had 
a nominal rating of 7.2 kv, 2.3 micro- 
farads. This capacitance, with the ca- 
pacitance to ground of 0.29 microfarad 
per phase of the station equipment, gave 
a phase-to-ground capacitance of around 
2.6 microfarads for the test. This value 
is more than twice as much as the 1.06 
microfarad of the equipment normally 
connected. 


Arcing Test Procedure 


Preliminary to each test, the are gap 
for the test was adjusted and tested ina 
laboratory low-current circuit to have the 
desired initial breakdown value. 

After the equipment was connected for 
a test as shown in Figure 10, the discon- 
necting switch in the arc gap circuit was 


SE SE ot 
2 ee 


B—A\ter test 


Figure 9. High-speed self-lengthening arc 
gap 
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left open and the generator voltage was 
then set at the chosen test value. Fol- 
lowing this, the generator was left running 
at normal speed without field excitation. 
The disconnecting switch was then closed, 
connecting the arc gap circuit to the phase 
A conductor. The gap in each case was 
previously adjusted to 90 per cent of the 
preset generator phase-to-neutral voltage. 
When the recording instruments were 
ready, the field switch of the generator 
was closed. This operation, in addition 
to exciting the generator field, also lit a 
small lamp, signaling the oscillograph 
operator to start that instrument. The 
generator required about 2 or 3 seconds to 
attain its preset voltage. When the arc 
gap flashed over, the voltmeter shown in 
Figure 10 connected to the generator neu- 
tral potential transformer, deflected. 
When making tests with the fixed length 
gaps, this was a signal to the generator 
operator to open the generator field 
breaker to extinguish the arc. When us- 
ing the self-lengthening gaps, the operator 
delayed opening the field breaker for a 
few seconds after the neutral voltmeter 
first deflected to allow time for the are to 
extinguish itself by lengthening the gap. 
This method of circuit control was used 
to ensure that any overvoltage produced 
during a test was due to the arcing 
ground alone and not due to any switch- 
ing surges. . 


Results of Arcing Tests With Fixed 
Length Gaps 


Because of the widespread belief that 
an arcing ground quite easily will produce 
dangerously high overvoltages on an un- 
grounded bus system, the tests on the 
Holtwood bus were begun with reduced 
bus voltage and a simple open fixed- 
length gap. As shown in Table IT, test ile 
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Figure 10. Connections for arcing ground 


tests on Holtwood 60-cycle bus 


SG =1/32-inch spill gap 

R=0.3-ohm rod resistor 

IT =insulating transformer 

VG =safety vacuum gap 

PT1, PT2=34,500- to 115-volt instrument 
transformers 

PT3, PT4=13,200- to 110-volt instrument 
transformers 

F=15,000-volt 100-ampere fuse 

DS =disconnect switch 

T1, T2=power transformers 

G=water wheel generator 

V =generator neutral_voltmeter 


very high voltages were not produced. 
The maximum did not exceed 2.3 times 
normal, The bus voltage was then raised 
in two steps to its rated value, but still 
the voltage to ground on the unfaulted 
phases was little more than can be pre- 
dicted from the 3-phase power voltage re- 
lationship (Table II, tests 2, 3, and 6). 
The oscillogram from test 1, Table IT, 
when the test voltage was only 50 per cent 
of the normal operating value, showed 
that the are restruck regularly each half- 
cycle at almost the initial breakdown 
value. The oscillograms from tests 3 and 
6, Table II, when the test voltage was the 
full operating value, showed that the 
arc always restruck at a voltage sub- 
stantially less than the initial breakdown 
value. The change in the restriking 
phenomenon with increase of test voltage 
was probably due to the greater arc en- 
ergy in the latter tests making the gap 
more difficult to deionize. 

Tests 4 and 5 with the porcelain filled 
gap showed that an arcing ground pro- 
duced by the failure of a porcelain insu- 
lator is not likely to produce high tran- 
sient overvoltages. The oscillograms 
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Voltages Produced by Arcing Cesena With Fixed Length Gaps 
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Table Ill. 


P *20 ohms on secondary of neutral potential transformer. 
_ Are was extinguished in these tests by opening generator field circuit. 


este Produced by pene Grounds With Bier hae ht Gaps 


Maximum Phase-to-Ground 
Voltages (Per Cent Phase-to- 
Neutral Voltage) 


Generator = 
Voltage rom Total 
Setting Oscillo- From Duration 
(er Cent Wire in Fusible graph Klydonograph of Arc, 
Test Normal) Gap Type Electrode B Phase B Phase C Phase Sec 
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_ *2.3-microfarad capacitor added between each phase conductor and ground. 


Are extinguished itself in these tests, because of elongation of gap, before the generator field circuit was 


opened. 


showed that the voltage across the gap 
was very low after the initial strike. 

For each of the tests in this group, the 
fixed length of the gap acted as a limiter 
to prevent the recovery voltage across the 
gap from rising above the initial break- 
down value. Consequently, the voltages 
from the unfaulted phases to ground did 
not much exceed 1.73 times the normal 
phase-to-neutral voltage in any of these 
tests. 


Figure 11. Oscillogram from test with en- 
closed self-lengthening gap 


Test 4, Table Ill 
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Results of Arcing Tests With Self- 
Lengthening Gaps 


After showing that high overvoltages 
do not accompany arcing grounds on 
gaps having fixed length, due to the lim- 
iting effect of the gap on the recovery 
voltage, further testing was done with 
self-lengthening gaps. The results of 
these latter tests are given in Table III. 

Nichrome wire, size 22, was used in the 
first test of this group to ensure that the 
arc would persist long enough for over- 
voltage to build up, if there were any 
such tendency present. No very high 
overvoltage developed. The second test, 
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using faster fusing copper wire, gave 


about the same value of overvoltage as 
the first test, with a total arcing time of 
about 21/, seconds. 
made with open gaps. 


Tests 3 and 4, where the ames self- 


lengthening gap was used, showed higher 
overvoltages than the preceding tests, 
but not more than about 2.8 times normal 
phase-to-neutral voltage. 
gap used for this test probably produced 
as severe an arcing condition as is likely 
to occur on the station bus under operat- 
ing conditions. Most likely, an arcing 
ground on the bus will be formed across a 
gap having fixed length, where the volt- 
age to ground will not rise much above 
two times normal due to the limiting ac- 
tion of the gap. 

Figure 11 is the oscillogram obtained 
during test 4 of Table III for which an 
enclosed self-lengthening gap was used. 
The oscillogram shows that the arcing 
ground persisted for only a fraction of 
each cycle of power frequency, but that 
each strike produced a highly damped 
train of oscillations having a frequency 
of about 1,140 cycles per second. Table 
I shows that the lowest natural frequency 
for any equipment on the unenergized bus 
is 1,600 cycles per second, which is for the 
waterwheel generator with no field ex- 
citation. It is probable that the lower 
natural frequency obtained under arcing 
conditions is due to generator field ex- 
citation, which changes the inductance 
of the generator windings. 

In test 4 the are struck only 11 times 
because of the small size (number 30) of 
the fusible electrode used in the gap; 
the behavior is typical except that the 
arc struck more frequently during the 
other tests of this group. 

The highest instantaneous value of 


Figure 12. Test with capacitors connected to 
bus 


Oscillogram from test 5, Table Ill 
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arc current recorded on the oscillogram of 
Figure 11 is 44 amperes, which occurred 
during the next to last arc strike. 

The frequency of oscillations in the 
are current and in the several recorded 
voltages was mostly between 1,080 and 
1,200 cycles per second, sometimes 
around 1,600 cycles per second. In test 5, 
Table III, a capacitance of 2.3 micro- 
farads was added between each phase 
conductor and ground. During this test 
the oscillations had four distinct fre- 
quencies, being about 460, 2,700, 4,200 
and 6,780 cycles per second. Figure 12 
is the oscillogram obtained during this 
test. 


Discussion 


Figure 11 shows the characteristic be- 
havior of the 60-cycle voltages to ground 
after the arc remained extinguished: the 
almost completely displaced wave, pro- 
ducing a recovery voltage two times nor- 
mal, and its slow return to normal. The 
shenomenon is caused by the relatively 
slow re-establishment of normal charge 
distribution on the three bus capacitances 
to ground shown in Figure 1. It is the 
retention of charge by these capacitances, 
added to the dynamic power voltages, 
that causes the recovery voltage wave to 
be two times normal by being completely 
displaced. Theoretically this can pro- 
duce overvoltages to ground on the un- 
faulted phases as high as 2.73 times nor- 
mal, because at the time of arc extinction, 
the unfaulted phase capacitances can re- 
main charged to 1.73 times the normal 
phase-to-neutral voltage, to which may 
add.the generated system phase-to-neu- 
tral voltage. By comparison, in the tests 
with the fixed length gaps, the recovery 
voltage across the arc gap was always 
limited to the normal crest phase-to-neu- 
tral value or less and the voltages meas- 
ured on the unfaulted phases did not 
greatly exceed 1.73 times normal phase- 
to-neutral voltage. 


304 TRANSACTIONS 


j 


H 


WY 


ANA AAA 


4 


VV V4 


Superimposed on the power frequency 
effects just described are the natural fre- 
quency transients, of which those shown 
in Figure 11 are typical. In addition to 
raising the B phase to ground voltage, 
they also raised the phase-to-phase volt- 
age as shown in the bottom record of 
Figure 11. In this case the A-phase to B- 
phase voltage was raised a maximum of 
1.56 times its normal value. 

Figure 13 is a section of the oscillogram 
obtained during test 2 of Table III. It 
shows a very interesting phenomenon. 
The arc was quite unsteady, missing a 
few cycles occasionally as shown in 
Figure 13, then it restruck regularly on 
only one polarity of voltage. The single 
polarity arcing continued for 51 cycles, 
then missed a cycle and finally struck 
one more time. This phenomenon might 
have been caused by the rounded shape 
of one electrode of the are gap and pointed 
form of the other. However, this ex- 
planation is not entirely satisfactory be- 
cause none of the other tests with the self- 
lengthening gaps exhibited this effect 
even though the electrode shapes were 
practically the same in all tests. Re- 
peated restriking of an arcing ground on 
only one polarity of voltage has not 
been previously reported in any of the 
technical literature consulted, although 
P. A. Jeanne® has reported a similar 
phenomenon of a few cycles of arcing at 
one polarity, changing to a few cycles of 
arcing at opposite polarity. 

In the are current record of Figure 12 
there is evidence of arc extinction and re- 
striking at the lowest natural frequency 
of the system, about 460 cycles per 
second, However, it is significant that 
the voltage across the are gap did not 
rise appreciably prior to each restrike, ap- 
parently due to the short time available 
for deionization, It is doubtful if an arc- 
ing ground, either open or confined, on 
an actual bus will be subjected to high 
speed deionization, because highly arti- 
ficial means, such as air or oil blast, must 
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aN is a more een instrument 
than the klydonograph. The klydono-— 
graph excels where the voltages are of 
high frequency or steep wave front. Tt 
will be noted in Tables II and III that 
the oscillograph usually indicated a 
higher overvoltage than did the klydono- 
graph. This is interpreted to mean that 
steep-front surge voltages and voltages 
with a frequency above 3,500 cycles per 
second play no appreciable part in the 
production of overvoltage under the test 
conditions. ’ 
The klydonograph measurements in — 
Tables Il and III show that the maximum 
voltage to ground on the two unfaulted — 
phases of the bus consistently are not 
equal when an arcing ground exists. 
The reason for this is indicated on the 
oscillogram of Figure 11, which can be 
taken as typical, where the arcing persists 
at most for only a third of a 60-cycle half 
wave. In this figure and also in the 
bottom trace of Figure 13, it will be seen 
that the voltage oscillations produced 
by the are begin before or at the peak of 
A-phase to B-phase voltage. When A 
phase is grounded by an arc, the A-phase 
to B-phase voltage is the same as B-phase 
to ground voltage except for the arc drop, 
which is comparatively small. Figure 2 
shows the phase relationships when A- 
phase bus conductor is grounded. With 
respect to the grounded conductor (A 
phase), voltage Ey, leads Ege by 60°. 
Figure 14 shows the appearance of two 
sinusoidal half waves of power voltage 
having this relationship. If the arcing 
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Figure 14. Period during which’ arcing tran- 
sients begin on the phase-to-ground voltages of 
the unfaulted phases 


Current and voltage relations when A-phase 
bus is grounded 
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- transient occurs Panes in the range 


indicated on Figure 14, it will be super- 


imposed simultaneously on an instan- 


! taneous value of E,4, higher than the cor- 


responding instantaneous value of Eac- 


_ This usually makes the voltage to ground 
_ on B-phase conductor higher than that on 


C phase, although erratic arc strikes at 


_ other phase positions may alter this re- 
lationship. Such an unusual condition 


occurred in test 2 (Table III), where the 


_ highest transient voltages during the 
test occurred when the arc struck for . 


voltages of only one polarity. 


Summary and Conclusions 


As stated previously, the following 
apply only to arcing grounds on nor- 
mally ungrounded station busses and not 
to switching phenomena or effects of 
surges on extensive systems. 


1. Arcing grounds on the tested station bus 
did not produce voltages to ground exceed- 
ing three times the normal crest phase-to- 
neutral voltage. Higher overvoltages did 
not materialize even though conditions in 
some of the tests were as severe as any 
likely to occur under operating conditions. 


2. It has been shown in previously pub- 


- lished literature that extremely high volt- 


ages can be produced by arcing grounds 
when the arcs quench and restrike at pro- 
gressively higher voltages and at system 
natural frequency. It has been suggested 
that a ground fault in a pothead, cable, or 
other arc confining piece of equipment might 
provide especially favorable conditions.” 
As far as is known, build-up of voltage in 
excess of about three times the normal phase- 


Eca 


to-neutral value has yet to be measured on 
an actual bus system operating at 13 kv or 
less. The study of arc gaps described in this 
report and operating experience published 
elsewhere, show that very rapid quenching of 
an arcing ground is not likely to be accom- 
plished by any combination of circumstances 
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which might occur on a station bus and as- 
sociated equipment. 


3. The maximum voltages to ground on the 


unfaulted phases of a three-phase bus are not 


equal under most arcing ground conditions. 


4. Arcing grounds occur sometimes on only 
one polarity of voltage. 


5. The tests revealed arcing transients 
which raise the phase-to-phase bus voltages 
as high as 1.74 times normal. The frequency 
of these transients was found to be as high 
as 6,780 cycles per second. Transients of 


this character may cause abnormal voltage 


stresses on the turn insulation of machines. 


6. The faults of April 1942 on the un- 
grounded Holtwood bus very probably were 
caused by failure of defective porcelain in- 
sulators in quick succession because very 
careful inspection of the bus after the dis- 
turbance disclosed a number of them with 
minute cracks in the porcelain. It is prob- 
able that the trouble was initiated by the 
failure of one porcelain insulator, causing bus 
voltages to ground on the other phases be- 
tween 1.73 and 3 times normal. This over- 
voltage then probably caused failure of one 
or more additional defective insulators. On 
an ungrounded bus system, it is particularly 
important that the insulation of the bus and 
of associated equipment be maintained at 
its initial strength and be tested periodically 
with the most sensitive means available for 
detecting defects. It is believed that many 
insulation breakdowns on ungrounded busses 
which have been attributed to voltage build- 
up, were probably caused by reduced insula- 
tion which might have been found by mod- 
ern testing means. 


7. Insulation should be provided on un- 
grounded busses and connected equipment 
capable of withstanding voltages to ground 
in excess of three times the normal phase-to- 
neutral value. Also, the turn insulation on 


Figure 15. Vector 
relation between 
voltage across fault 
E, and generator 
neutral voltage to 
ground E,, for three 
ratios of R,/X, 


machine windings must withstand high 
frequency voltages which accompany arcing 
grounds. How severe these latter voltages 
are, has not been determined. With these 
conditions met, advantage can be taken of 
the operating features which an ungrounded 
bus provides, and it is believed that no great 
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Coflceraenced be felt that unlimited high 


‘voltages will be produced by an occasional 
ground fault. 5 


8. A device for warning of impaired insula- 
tion on an ungrounded bus system and ~ 
operated by the appearance of neutral-to- 
ground voltage is often inoperative until the 
insulation is broken down completely. In 
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Figure 16. Variation of voltage across fault 
E, for various ratios of R,/X, 


4 


spite of this limitation, the device has proved 
useful in operation. A method is included 
in the paper for easily determining the sen- 
sitivity of a neutral voltage ground detector 
in any given installation. 


Appendix I. Determination of 
Phase-to-Ground Capacitance of 
an Ungrounded 3-Phase Bus 


The equivalent circuit of an ungrounded 
bus and connected apparatus is shown in 
Figure 1. Each item of equipment con- 
nected to the bus system, whether trans- 
former, cable, bus, or rotating machine, con- 
tributes its share to the admittance of each 
phase conductor to ground. When insula- 
tion is unimpaired, the corresponding im- 
pedances are almost pure capacitive react- 
ances which can be taken as lumped con- 
stants for purposes of analysis. 

The capacitive reactances to ground of 
the bus system can be measured in the field 
by solidly grounding one phase of the sys- 
tem through an ammeter. When this is 
done, one of the bus-to-ground capacitances 
is short-circuited and the two ungrounded 
capacitances pass current through the am- 
meter as shown in Figure 38. With the di- 
rections of current flow as assumed in Fig- 
ure 3, the vector relations of the currents 
are as shown in Figure 2B. 


=I cos 830°+T¢ cos 30° 


The charging currents of phase-B and 
phase-C bus conductors are numerically 
equal: 


Tre=Ip =I 
Therefore 
Ip=Inre cos 30° +Iz¢ cos 30° 
=2T re X0.866 = 1.73 Inc 
or 
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The capacitive reactance of one phase con- 
ductor to ground is found from the phase- 
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eran Pies E and ihe grounding am- 


meter reading Ip: 


The teint can then be found by 
solving for C in the equation 
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where f is the power system frequency. 


Apeandls Il. Effect of Ground 
Fault Resistance on the Neutral- 


to-Ground Voltage of an 
pUnsrounded 3-Phase Bus 


Fault detection via a generator neutral 
‘potential transformer requires a shift in the 
neutral potential for its indications. An 
impairment of bus or equipment insulation 
to ground is equivalent to a shunt across the 
capacitance-to-ground of the phase conduc- 
tor affected. A ground fault with a given 
resistance will have more effect on neutral 
potential shift if the capacitance to ground 
is small than if it is large. Or expressed in a 
more practical way, because the capacitive 
reactance is the quantity determined directly 
from a grounding ammeter test, the greater 
the capacitive reactance to ground of a 
system, the more effect a given value of fault 
resistance will have on neutral shift. The 
analysis has been made on a unit basis to 


OU Wt 7 


oo 100 

25 

ro 

Ces 

oz 

a 

ar 

a? 

C) 4 8 12 16 
RATIO Re/Xc 

Figure 17. Variation of generator neutral 


voltage to ground E,, for various ratios of R,/X. 


make the results applicable to any field 
condition where the capacitive reactance to 
ground of the bus can be measured. The 
steps in the analysis are as follows: 


(a). The currents and voltages in Figures 2 and 3 
are directly proportional to the system phase-to- 
phase voltage. In the calculations, 1,000 volts was 
used as the unit base for this voltage. Under these 
conditions, the phase-to-neutral voltage is 1,000/- 
1.73 = 577 volts. 


(b). On a unit basis, the capacitive reactance to 
ground of each phase conductor was taken as X; = 
1,000 ohms. 


(c). A bus insulation fault is equivalent to a re- 
sistance shunting the capacitive reactance to ground 
of the faulted phase conductor. Different values 
of fault resistance Ry were assumed in succession, 
ranging from one megohmto zero. This gave ratios 
of Ry/Xc¢ ranging from 1,000 to zero. Each of the 
following steps was carried through separately for 
each assumed value of Ry faulting the phase-A bus 
conductor, 


(d). The parallel circuit of the fault resistance Ry 
shunting the phase-to-ground capacitive reactance 
Xe was transformed into its equivalent series cir- 
cuit, giving Z.. 
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parallel is I7 = Ip+ (Oy 


(g). The voltage across per faltvis 
(Figures 15, 16). F 


(h). The generator entra Pattage to nae En, 
is the phase-to-neutral voltage of the faulted phase 
minus the fault voltage or 


En=Eoa—E,y (Figures 15, 17) 
(i). The power dissipated in the fault is 


role ee, 
a = ITZ. 


The results of the calculations are sum- 
marized in Figures 15, 16, and 17. The 
computations were checked in the labora- 
tory with equivalent circuits having several 
values of X,. The effect of the generator 
neutral potential transformers and their 
secondary burdens has been neglected in 
the computation because the impedance of 
each is quite high, varying from one to two 


-megohms, depending upon the applied 


voltage. 


Discussion 


To avoid forced outages and interruption 
of central station electric service, it is very 
desirable to obtain notice of any bus insula- 
tion defect as soon as possible. At Holt- 
wood the neutral voltage ground detector 
shown in Figure 1 is used. The alarm did 
not operate before the flashovers of April 
1942 occurred. However, the relay targets 
were found to have.operated after the trou- 
ble. Because the alarm did not give an 
indication until the trouble occurred, the 
foregoing analysis was made to determine 
how low the resistance of a fault must be to 
operate the alarm. 

The capacitive reactance to ground of one 


phase of the Holtwood station bus is about 


2,500 ohms. The relay connected to the 
secondary of a neutral potential transformer 
must be set to operate at no less than about 
80 per cent of the phase-to-neutral voltage 
to avoid false indications during normal 
switching. By referring to Figure 17, it is 
found that about 30 per cent of phase-to- 
neutral voltage is obtained when the ratio of 
fault resistance to the phase-to-ground 
capacitive reactance is unity. For the Holt- 
wood bus, this voltage is obtained when the 
fault resistance is 2,500 ohms. Before the 
fault resistance falls to 2,500 ohms, it can be 
seen in Figure 18 that considerable power is 
dissipated in the fault. The power is 
sufficient to cause noticeable heating of any 
of the usual types of incipient faults. For 
instance, when the fault resistance is 0.25 
megohm, the power in the fault is 230 watts. 
The relatively large power dissipation leads 
to extremely rapid heating of the fault and 
consequent rapid lowering of fault resist- 
ance. The very rapid transition from high 
to low resistance in the fault explains the 
failure of a neutral voltage fault detector to 
give warning of impending insulation trou- 
ble, and also the general experience of rela- 
tively little burning of equipment when 
faults occur on systems with an ungrounded 
neutral. In the first case, when rapid heat- 
ing and failure of the fault begins, the 
generator neutral voltage is only a few per 
cent of the value required to trip the fault 
detector; in the second case, the extremely 
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Figure 18. Variation of power dissipated ina 
fault with fault resistance for X,=2,500 ohms — 


e 
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a 
the device might warn of impaired insula- 
tion prior to complete failure on a small bus 
system if the bus capacitance to ground and 
the bus voltage were sufficiently low. It 
must be recognized that the Holtwood fault 
detecting devices, even though insensitive to 
early stages of insulation failure, have — 
proved valuable in service, indicating insu- t 
lation failures to ground that otherwise ‘ 
would not have been detected promptly. 4 
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Synopsis: The grim uses of radar in war are 
_ giving way now to a peacetime role in navi- 
gation and obstacle detection. This article 
discusses the results obtained with military 
airborne radar as a basis for understanding 
both the possibilities and the limitations in 
the application of radar to reduce aviation 
Beazards. 
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ADAR has been given a great deal of 
publicity during recent months, and 
resi uses for military operations have 
_ been disclosed in technical magazines and 
‘newspapers. These publications often in- 
cluded pictures obtained with cathode-ray 
tube indicators during flight over large 
_ American cities and also displayed pres- 
entations of enemy territory as viewed 
on bombing missions. As a result of this 
publicity and the predictions that have 
“been made for the commercial use of 
radar, there is probably no single applica- 
tion that catches the public imagination 
as much asits possible use for navigational 
aid and obstacle detection in aircraft. 
Discussions and public expressions of 
opinions promoting safer navigation are 
stimulated by aviation accidents such as 
the Empire State Building disaster and 
others that have occurred during attempts 
to land under conditions of obscured vi- 
sion. Possibly these accidents could have 
been averted by proper utilization of radar 
equipment designed to meet obstacle de- 
tection requirements. However, there are 
limitations to present radar performance 
in that it fails to give the pilot an ideal 
picture of the area being scanned in its 
true perspective. But in spite of these 
limitations, if capable technical effort is 
applied to the engineering problems in- 
volved and these problems are based upon 
realistic operating requirements and per- 
formance, there is every reason to feel 
that radar will contribute toward safer 
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aircraft navigation and justify the weight 
of the equipment to be carried. 


Basic Radar Concepts © 


The simplest kind of blind navigation 
system has long been used by pilots of 
boats operating in rivers and harbors, for 
they have achieved some measure of suc- 
cess in obstacle detection by using a series 
of short whistle blasts and then listening 
for the direction and timing of the echoes. 


Energy reflected from a smooth 
surface 


Figure 1. 


Figure 2. Energy return from a shore line 


This example in the detection of reflected 
energy illustrates the basic principle of 
radar. For the benefit of the reader who 
is not familiar with radar, a brief outline 
of the fundamentals may be helpful. 

The purpose of radar is to transmit 
radio-frequency energy in pulses of high 
intensity and then to measure the round 
trip travel time of the reflected energy 
with sufficient accuracy to establish the 
range to the obstacle. Following each 
pulse the transmitter is idle for a rela- 
tively long time while a receiving unit is 
ready to receive the echoes from the pre- 
ceding pulse. Generally the same antenna 
is used both for transmission and recep- 
tion. The finite velocity of electromag- 
netic waves makes it possible to measure 
the elapsed time from the transmitted 


Jensen, Arnett—Air-borne Radar 


cathode-ray tube whose sweep is timed — 


CO NY ep ea eae as eT 
. vat 1 San ; ” =, = 2 
Tay , a hese te 

oy hee, ae 

Oeaiea to the received echo as a direct) aa 
measure of range. This elapsed | time is \ 4 
« ‘ ‘ 

approximately six microseconds for eon : as) 


1,000 yards of range. 

The measurement of range is ee a ee 
part of the information obtainable with a a 
radar system. Azimuth and elevation 


angles also can be determined for complete _ >. 
location of atarget. Thisisaccomplished = = 
by using an antenna that directs the = = 
pulsed energy in a narrow beam which ve 
may be five degrees wide or less at the ek 


half-power points. The position of the 1 Fig 
target then is determined by the direc- Ae 
tion of the antenna beam. Inthe cases 
where only the bearing angle is of impor- an 
tance, the pattern is narrow in the hori- = 
zontal plane but broad in the vertical ==» 
plane for wider angle coverage. 
The received signals are displayed on a 


from the transmitted pulse, and targets 
appear as deflections of the sweep or as 
intensity spots. This display is not like 
television where an actual picture appears, — 
but the results are interpretable to a hias a 
trained operator. ae ba 
To illustrate the types of echo responses 
from ground targets, consider a source of 
radio frequency energy radiated in a nar- 
row beam from an aircraft as shown in 
Figures 1 through 4. If the beam is di- 
rected toward thé ground at a forward 
angle, the reflection will be a function of 
the aspect of the target. The energy 
which strikes the smooth surface of the 
lake is reflected away from the source and 
leaves a dark region on the indicator 
tube. A shore line, buildings, and normal 
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Figure 4. Altitude determination by normal 
incidence 
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plane will each provide a strong target 
echo. A wide beam of uniform intensity 
directed from the aircraft results in ground 
illumination and echo response as shown 


Figure 5. Illumination of generalized topog- 
raphy 


in Figures 5 and 6 respectively. These 
figures also illustrate how it is possible to 


correlate a radar picture with a relief © 


map of the area. 


Navigation Systems 


_ Navigation systems require that large 
ground areas be scanned, so antenna pat- 
terns of the shape shown in Figure 7 are 
used to an advantage. Note that the 
beam is narrow in the horizontal plane in 
order to obtain azimuth accuracy, while 
in the vertical plane the beam is broadened 
to sweep a large area but with a corre- 
sponding loss in elevation accuracy. The 
beam intensity is purposely decreased at 
angles below the main lobe to obtain uni- 
form signal return at the aircraft for 
equivalent targets for all ranges to be 
covered. The shape of the beam is de- 
signed to compensate for the inverse 
square law decrease of the power density 
for both the incident and reflected energy. 
This type of antenna beam is known as a 
cosecant squared pattern because it 
simulates a plot of this function. One 
method of obtaining such a radiation pat- 
tern is to modify a conventional parabolic 
reflector so that part of the radiated 
energy is directed downward below the 
axis of the major lobe. In practice such 
patterns were obtained only after con- 
siderable experimentation with reflector 
shapes and types of antenna feeds. An 
actual plot of a cosecant squared pattern 
is shown in Figure 8, which indicates that 
with the peak of the beam tilted down 2.5 
degrees and the aircraft at 6,500 feet, the 
radar coverage for uniform signal return 
extends from 2 to 20 miles. 

All the material so far presented serves 
to show the character of ground echoes 
and the method of getting uniform ground 
illumination. If the beam is rotated or 
sector scanned and also synchronized 
with the cathode-ray tube trace of an in- 
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dicator, a map of the ground relief is 
presented on the fluorescent screen. N 
Rivers, lakes, shore line, valleys, i and sor 
mountains will appear in relative direc- 
tion and range with respect to the air- 


MILES 


craft. This type of presentation was used 
to good advantage during the war on 
bombing missions when such targets as 
ships, bridges, and industrial areas were 
located and destroyed entirely with radar 
navigation. An example of this type of 
presentation can be observed in Figure 9, 
in which the coastal outline and promon- 
tories of land are spotted easily. Note 
how readily this picture can be correlated 
with the aeronautical chart of the same 
area shown in Figure 10.. The L-shaped 
promontory at Plymouth is identified 
clearly, and the tip of Cape Cod is ap- 
pearing just at the right. The circular 
rings are 2-mile range marks, and the in- 
ner bright ring is the start of the radial 
sweeps on the scope. The second bright 
ring is the signal return from the bay di- 
rectly below and so indicates the height of 
the plane. If targets appear within the 
altitude ring, it indicates the presence of 
aircraft at ranges less than the height of 
the plane. For aircraft beyond the range 
of the altitude ring, the return signals are 
obscured fairly well by ground echoes 
except possibly over water, though even 
water may have a serious masking effect. 
A point of importance here is that an il- 
lumination and display which is suitable 
for navigation would have very little use 
for obstacle detection. 


Figure 10 was taken with the aid of a 
lightweight low power radar system 
known as AN/APS-10. The essential 
units of this system are shown in Figure 
11, and Figure 12 is a suggested arrange- 
ment for installation in a transport plane. 
The antenna with its parabolic reflector 
is mounted in a protective housing below 
the skin-line of the plane to permit com- 
plete vision. This housing is built of low 
loss materials designed for maximum 
transparency to microwave radio fre- 
quencies, 

Higher power systems are used to get 
greater ranges and improved coverage as 
illustrated by Figures 13 and 14. Inthe 
latter figure, the circles are 100-mile 
marks, and the inlaid map indicates how 
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Figure 6. Energy return from ground target i 
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The technical characteristics of radar 
sets vary over a wide range depending 
The following © 


upon the application. 


tabulation has been prepared to indicate — 
the order of magnitude of the operating z 
characteristics employed in systems such i 


as those used to obtain the preceding 


scope photographs: ; 

Carrier frequency...... 3,000-10,000 mega- — 
cycles 4 

Peak powerta.m.se ee 10-1,000 kw ‘ 

Pulse frequency.......: 300-1,000cyclesper — 
second ; 

Pulsewidthier.-. -2eee 0.25-2 microsec- 
onds : 

Dutyseyclec4 a eee 0.0001—0.001 7 

Maximum range. ...... 50-200 miles 

Range acciracy. - nesses 40-4,000 yards 

Range resolution....... 75-400 yards 

Azimuth accuracy......0.5-1 degree 

Azimuth resolution..... 3-6 degrees 

Receiver,’ . Seen eee Superheterodyne 

Intermediate fre- 
quency ..30 megacycles 


Intermediate-fre- . 
quency band . 


widthiosase meee 0.5-5 megacycles 
Minimum detectable 
signal. 55.3 5 soe 1-10 micromicro- 
waits 


Obstacle Detection 


It has been stated that a cosecant- 
squared pattern is unsatisfactory for dif- 
ferentiating between aircraft and ground 
reflections. This difficulty arises because 


HORIZONTAL 


VERTICAL 


GROUND 


Figure 7. Conventional antenna pattern for 
navigation radar 
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Figure 8. Actual antenna pattern for naviga- 
: tion radar 
; 
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a alltargets at equivalent range and bearing 
appear at the same spot in the display 
whether at ground level or above. The 
Z display shows slant ranges from the 
; plane, not actual ground range. Further- 
_more, the necessarily wide lobe in the 
' vertical direction fails to indicate eleva- 
tion even though a plane appears in the 
beam. There is no way for determining 
elevation unless the beam pattern has 
essentially the same configuration in the 
_ vertical plane as indicated in Figure 7 for 
the horizontal plane. This requirement 

demands considerably more performance 
from the antenna scanning system if the 
same solid angle is to be illuminated in a 

given interval of time. The cosecant 
squared antenna for a system such as 
_AN/APS-10 rotates at 30 rpm, while a 

uniform lobe antenna must scan at many 
_times that speed and simultaneously nod 


Figure 9. Radar map of Cape Cod area 
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in the vertical plane in order to illuminate 
the same area, Such systems have been 
used to obtain a crude television picture 
of 10 or 12 lines on an indicator that pre- 
sents azimuth and elevation information. 
As the antenna rotates, the cathode-ray 
tube trace sweeps horizontally and also 
progresses vertically in synchronism with 
the antenna position. 

A second method for scanning a large 
area with a narrow beam is known as the 
Palmer Scan. This system employs a 
pattern which is narrow in both planes. 
The axis of the reflector is moved in a 
rectangular path, for example, through a 
horizontal angle of 75 degrees and a 
vertical angle of 45 degrees. During this 
motion the lobe is made to rotate in a 
rapid conical sweep such that the apex 
cone angle formed by the axis of the beam 
is as many as eight times the beam width. 
This results in illuminating a circular shell 
around a blank center region, but as the 
antenna system moves in its rectangular 
path, the entire area is filled in. A 6- 
degree beam which scans 21 degrees: off 
the axis of the reflector thus can cover an 
area of 120 degrees by 90 degrees, while 
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_ the axis of the reflector follows the borders 


of a rectangle 45 degrees by 75 degrees. — 
A third design for wide angle viewing 


utilizes a spiraling motion of the antenna 
beam. The angle of advance for the spiral _ 


is small enough so that no blank regions 


appear in the over-all illumination. A 
solid angle of coverage may be as much as ~ 


120 degrees with a lobe width of 5 degrees. 
Present Limitations 


These various types of antennas have 
been discussed briefly to indicate the 


problems associated with the require- 


ment that enables the system to spot air- 
craft targets or tall structures and also 
cover a large area of scanning. They are 
mechanically complex and require driving 
mechanisms to spin or slew them at rapid 
rates so that the scanned area is covered 
in a few seconds. This is essential if the 
pilot is to recaive scope information com- 
parable with the speed of modern aircraft 
and avoid collisions. Furthermore, the 
complexity and fast scanning rates con- 
tribute materially toward increased 
weight of the equipment. In addition, it 
has been found that beam widths in the 
order of five degrees are too wide to obtain 
satisfactory resolution. Lobes of one and 
two degrees or less are necessary. This 
demands even faster scanning to cover a 
given area in a selected interval of time. 
The point may then be reached where the 
beam remains on the target for an in- 
sufficient length of time to get adequate 
signal return, and the object is not ob- 
served on the indicator. This limit is 
accepted generally as five pulses on the 
target during the time of one beam-width 


Figure 10. Chart of Cape Cod area 
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Ajir-borne radar system 


Figure 11. 
4. Antenna Assembly (AS-154/AP5-10). 


The antenna or “spinner” may be mounted in 

a nacelle on the belly of the plane where it 

revolves in operation to give 360-degree 

scanning. It can be tilted up and down for 
critical coverage 


2. Transmitter-Receiver (RT-69/APS-10). 
This sealed can is the heart of AN/APS-10. 
In it are the complete self-contained trans- 
mitter and receiver. It is pressurized for 
operation at altitudes up to 30,000 feet 


3. Rectifier Power Unit (PP-111/APS-10). 
This compact box is usually mounted out of 
the way. It converts 115 volts to six different 
levels of voltage for various functions. They 
vary from 4,000 volts down to less than 7 volts 


4. Trim Control Box (C-226/APS-10). This 

mechanical unit is always mounted near the 

radar operator. As its name suggests, it is 

used to adjust the trim of the antenna to com- 

pensate for change in the flight altitude of the 
plane 


5. Indicator (ID-99/APS-10). Here is 
where the radar information appears. The 
indicator (PPI) is mounted where it can be 
studied easily and adjusted quickly. Another 
one showing identical information may be 
mounted with the pilot or elsewhere 


6. Synchronizer (SN-17/APS-10). This 
small box has most of the manual controls for 
operation of AN/APS-10. It is one of three 
components in the set which are always 
mounted within easy reach of the operator 
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scan. Increasing the pulse rate is the 
obvious solution, but the pulse repetition 
rate is dependent upon the maximum 
operating range, since the return signals 
should be received before the next pulse is 
transmitted. Otherwise there would be 
a confusing indication of targets on the 
osilloscope. Thereis also the important 
consideration of increased average power 
as pulse rates are accelerated because of 
the resultant increase in weight with 
greater power requirements. 
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The alternative requirement is to re- 
duce the scanned area, thus confining 
observation to small angles for continuous 
rapid coverage with the option of selecting 
other directions for intermittent viewing. 
The normal operating position would be 
about the center line of the nose of the 
airplane. 


Figure 12. Typical installation of air-borne 
radar 
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An example of the type of indication 
that is achieved with a rapid vertical scan 
antenna using a narrow beam is shown in 
Figure 15, which plots range against ele- 
vation angle. The vertical lines are 2- and 
10-mile range marks, while the heavy 
horizontal trace is an electronic height 
marker which may be moved by means of 
a control to line up with a target to indi- 
cate elevation. This picture is not indica- 
tive of air-borne system performance be- 
cause it was taken from a high power 
ground radar; however, it does illustrate 
the means of presenting target information 


Figure 14. 
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Inlaid radar map of Northeastern States 


Figure 13. Correlation of radar map with 
chart 


to obtain height indications. Several air- 
craft are visible: two at 17 miles and 
16,000 feet, very close in range, anda single 
plane at about 40 miles and 5,000 feet. 
Two more planes can be observed at about 
26 miles. Ifthe picture had been obtained 
from an air-bornesystem, the usable range 
would be reduced considerably because 
of lower power output. Instead of dis- 
playing 50 miles, possibly 20 miles might 
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be the full-scale indication and the ground 
clutter undoubtedly would extend to the 
fullrange. Azimuth information must be 
read, of course, from a second scope that 
plots range and azimuth angle, or from 
a selsyn system that indicates the azimuth 
position of the antenna. The position of 
each target would be fixed then with re- 
spect to the aircraft. 

An interesting photograph that con- 


Figure 15. Radar indication of range versus 


elevation angle 
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Figure 16. Radar presentation with polar 
plot, sector polar plot, and range elevation 
angle 


tains both azimuth and elevation infor- 
mation for the same targets is shown in 
Figure 16. In addition to spotting air- 
craft, this picture demonstrates the ability 
of radar to give warning of storm areas. 
It is apparent that a storm cloud appears 
at the right and below the target plane in 
the elevation scope picture, and also can 
be located in the azimuth presentation. 

It should be pointed out that a system 
which scans only a small sector in the di- 
rection of travel to avoid collisions also 
could obtain navigational information 
from supplementary land-based equip- 
ment. An example of this supplementary 
equipment is a radar beacon which con- 
sists of a transmitter that radiates a 
coded pulse when properly interrogated 
by an airborne system. This coded pulse 
appearing on the radar indicator enables 
range and bearing to be determined to the 
known location of the beacon. Such a 
system has a decided advantage when 
navigating over water where recognizable 
targets on a radar map are scarce. Fur- 
thermore, it aids in extending the operat- 
ing range of the equipment beyond the 
target-response indication because of the 
higher power signals from the beacon. 
Since the high frequencies involved propa- 
gate only in straight lines, the range gen- 
erally is limited to line of sight conditions. 


Future 
Developments 


The elevation scope pictures illustrate 
the performance that is obtainable now 
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with ground radar equipment, and in 
time, equivalent resolution and _satis- 
factory ranges will be achieved with light- 
weight air-bornesystems. However, there 
are many engineering problems, both elec- 
trical and mechanical, to be overcome 
before an ideal design is evolved that 
meets the strict limitations imposed upon 
air-borne apparatus. Not the least of 
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these is the problem of presenting the 
radar information in a manner that re- 
quires little effort on the part of the ob- 
server for quick interpretation. Azimuth 
and elevation data should be combined to 
provide the pilot with continuous infor- 


Figure 17. Radar map of Greater New York 
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’ mation on all obstacles within the danger 
area. . 

The photograph in Figure 17 illustrates 
the definition obtainable when using a 
very narrow beam system. The indi- 
vidual docks on the Manhattan water 
front, the bridges across the East River, 
and the railroad tracks in Jersey City are 
clearly visible. It may well be that even- 
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tually radar will approach the equivalent 
of visual or television presentation in 
a scope picture so that a similar view of 
New York City and adjacent areas will en- 
able the pilot to perceive the height of ob- 
jects with the same resolution that can be 
observed here for range and bearing. This 
goal may not be achieved for some time, 
if ever, but in the meantime, useful radar 
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systems can be designed which will re- 
move many of the hazards of modern air 
travel. 
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Differential Leakage of a 
Fractional-Slot Winding 
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Na previous paper,! the differential 

(harmonic) leakage of an integral-slot 
winding and squirrel cage winding was 
treated. It was shown that a squirrel 
cage rotor reduces the harmonics and 
thus the differential leakage of the stator. 
The influence of the number of stator and 
rotor slots, as well as of the pitch factor of 
the stator winding on the damping of the 
stator harmonics, was discussed. Also, it 
was shown that skewing of the rotor re- 
duces the damping of the stator harmon- 
ics and, therefore increases the differen- 
tial leakage of the stator. The investiga- 
tion was made under the following as- 
sumptions: 
1. The saturation of the leakage paths is 
negligible. 


2. The influence of slot-openings for all 
harmonics is the same as for the synchronous 
wave. That is, all harmonic fluxes are 
reduced by the slot-openings in the ratio 
of one to K,, where K, is the total Carter 
factor. 

8. The magnetomotive force curve has a 
stepped shape. 


The saturation of the leakage paths 
will be neglected in this paper also. The 
influence of slot-openings on the indi- 
vidual harmonics and the influence of the 
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for fractional-slot 3-phase windings 
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shape of the magnetomotive force curve 
on the differential leakage are treated in 
appendixes I and II. It follows from 
these appendixes that the assumptions 
made with respect tothe slot-openings and 
the shape of the magnetomotive force 
curve are not entirely correct, but they 
are justified by the simplification of cal- 
culation of the differential leakage to 
which they lead. 


Actual Harmonics of Fractional-Slot 
3-Phase Winding: Their 
Distribution Factors and Pitch 
Factors 


If the number of slots per pole per phase 
of the fractional-slot winding is written 


N 


ae 


B (1) 


where NV and 6 have no common divisor, 
the actual harmonics of a 3-phase winding 
are (for symbols see Nomenclature): 


2 
Be plete Dial 4 ule ase oie (2) 
6B 
when £ is an even number, and 
oe. 
nim y=, 5,7, 11,13... (3) 


when £ is an odd number. 

For the synchronous wave, vy; = 6/2 
when @ is an even number, or v;= 8 when 
Bis an odd number. The number of sub- 
harmonics is equal to (8—2)/2 when 8 is 
an even number or to (8@—1)/2 when 8 is 
an odd number (including those which are 
a multiple of three and usually do not 
exist in a 3-phase machine). 

The absolute value of the distribution 
factor of the n’-th harmonic is 


0.5 


Bipinde 
an" N sin eys/2 


(4) 
If P is the smallest integer which makes 
d an integer in the equation, 
38NP+1 
d= ‘Ears (5) 


then it is true that when 6 is an even 
number 


tn = 2d amy +180 (6) 
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-if P is an even number and 


and when £ is an odd number 


an’ =damy 


an =dany+180 
if P is an odd number where 
180 
Am “3N ; (8) 


The pitch factor of the n’-th harmonic 
is 


| 
i 
| 


i] 


W 180 
,= sin (— — 9a 
Ron = sin ( 3 ) (9a) 
when @ is an even number and 
. (W180 
Ron = sin (2 28 ») (9b) ; 


when £ is an odd number. 


Harmonic Leakage Reactance of 
3-Phase Winding 


First the case will be considered where 
there is no damping, that is, the stator 
winding of a wound rotor induction motor 
or the stator winding of a salient pole 
synchronous machine without a damper 
winding. 

The amplitude of the magnetomotive 
force of the wave with the length 287 is 

2 
Hoe mNnckappl (10) 
Tv 
and therefore the amplitude of the funda- 
mental wave with the length 2r is 
2 
SUE mNndeanl XE (1 1) 
7 B 
The amplitude of the 2’-th harmonic of 
the magnetomotive force is thus 


Fy Rapns 2 Rapne 
Py aatt Baw V2 ne “au I (12) 
n’ Rap cy Bon 


If the assumption is made that all 
harmonics are reduced by the slot-open- 
ings in the ratio of one to K,, then the 
amplitude of the 2’-th field harmonic is 


3.19 
B ee F ’ 
: gk Ks . 13) 


and the flux produced by the n’-th field 
harmonic is 


(14) 


' 
Py =e TaliBry 
Tv 


nee see SIA ee 
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Figure 2. Factors K,: and K,, as functions of 
ratio between slot opening and slot pitch 
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Figure 3. Factor 5 as function of ratio between 
slot opening and air gap 


The flux interlinkage caused by the flux 
®,, is 
Vn = Dy Non apn (15) 


Hence, the harmonic leakage reactance 


xp, =2rhfi Vi Se Dw X10- 8 ohms/phase 
be mit Nek 10950 
9? base pek Ks 
[2x (Son )| ohms/phase (16) 
where 
Te 
area 


Therefore, corresponding to equations 2 
and 3, 


(rn) £3 CY 


»F5 
yal O4¢6,7... (17) 
when £ is an even number and 
, k , 2 
p ys (= > (te) 
v¥B v 
y=1,5,7,11... (18) 


when @ is an odd number. 

The evaluation of the sums of equa- 
tion 17 and equation 18 is not as simple 
as for an integral-slot winding. The re- 
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-actance equation based upon the magnetic 


energy in the gap and used for the cal- 
culation of the harmonic leakage of the 
integral-slot winding also can be applied 
here, but the Goerges diagram of the 
magnetomotive forces of a fractional-slot 
winding becomes complicated, and the 
derivation of general formulas becomes 
tedious. 

’ For this reason the direct summation 
of the terms (Rapn//v)? has been used in 
order to determine the sum of equations 
17 and 18. As for the integral-slot wind- 
ings, only a part of the harmonics of 
order lower than the slot harmonics of 
first order, and all slot harmonics, have to 
be taken into account. 

The slot harmonics are: 


n'y = = kO+D (19) 
Thus 

Ys =; ( 6kg+1) (20) 
when @ is an even number 

vst = B(* 6kg+1) (21) 


when £ is an odd number. 

When k> 2, the term +1 in the paren- 
theses of equations 20 and 21 can be neg- 
lected. Then 


kapn\? 4 | 1 
of y y- pe Maw) eget 


i ft 
(gti)? (—1agb 1)? 
ik 0.786 
ee 22 
Gratin | (22) 


when @ is an even number and 


Ramat \2 


1 ] 1 
Feeestacennreces: 


1 ay 
| (23) 


+ 


(12¢--1)?" (Gq)? 

when @is an odd number. Here is 
k sin 30° 
d(n' =p) >= ° 

30 24 

N sin — (24) 

and 

Zr Z 
Ron! = p) = Sin — 5= sin — 30° 25 
p(n’ = p) sm mg. 2 or A ) 


Z is the coil width in slot pitches. 

For the harmonics of lower order than 
the slot harmonics of first order, formulas 
4 to 7 and also Calvert’s Tables? have 
been used. 

The results for the more frequently 
used numbers of slots per pole per phase 
are given in Table I. The third column 
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does not include the subharmonics; how-- 
ever, the fourth column does. 
It has been shown that the harmonics 


of lower order are damped by a squirrel 


cage more than the harmonics of higher 
order. This is especially true of the sub- 
harmonics; a squirrel cage winding in 
the induction motor or a damper winding 
in the synchronous machine damps out 
these harmonics practically entirely. Be- 
cause of the high speed of the subhar-- 
monics, they are damped considerably by 
parasitic currents even when there is no 
squirrel cage or damper winding in the 
rotor. For the calculation of the har- 
monic leakage reactance, the subhar- 
monics therefore can be omitted. This is 
also in agreement with the tests. 

Figure 1 gives the sums of equations 17 
and 18 without the subharmonics as func- 
tion of the throw W/r. The values for 
q=2, 3, and 4 are taken from Figure 1 of 
reference 1. It can be seen that the curves 
for fractional-slot windings have the same 
characteristics as those for integral-slot 
windings. The ratio between the sums 
for the same value of W/7 approximately 
is equal to the inverse ratio of the square 
of g, and so Figure 1 of reference 1 can 
be used in order to determine the sum 
for fractional-slot windings with g > 31/». 


Damping of Harmonics by 
Squirrel Cage Winding 


The case of an induction motor with 
squirrel cage rotor or of a salient pole 
synchronous machine with damper wind- 
ing will be considered now, Here the 
rotor harmonics which correspond to 
K.=0 (see reference 1) damp the corre- 
sponding stator harmonics, thus reducing 
the leakage reactance. It has been shown 
there that the damping factor of the »’-th 
harmonic is 


A iSn!X mn’ 

be Vise Sate ee 
or 

Dn =1-Cy lO (27) 
where 

Cr’ = 


VJ U(Sn!X mn’)2(1+r2n') 2+ (Sa X mn'Pan’)? 
Tint [sq'Xonn' (a +ren’)] 2 


(28) 
and 
Ton! a 
tnt) = ae 29 
os Sn! X mn! (1+7en’) ?) 
The absolute value of D,’ is 
=~/(1—C,’ cos 6)?+(Cp' sin 6)? (30) 
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It has been shown in reference 1 that 

there will not be a sensible error when 

equation 30 is used instead of equation 26. 
When 72,’ can be neglected, 


1 
1+ 72n/ 
and when, besides 72,’, the slot leakage 
and the end-winding leakage also can be 


neglected comparatively with harmonic 
leakage, 


Dy! =1—(Een’n2n!)? 


D,= 


tes (31) 


(32) 


where &,, is the coupling factor of the 
rotor with respect to the n’-th harmonic 
and 2p’ is the skew factor. 

As an example, a 350-horsepower 60- 
cycle, 3-phase synchronous motor with 
28 poles will be considered. O,=144, 


n=15/7, Q2=5X28=140, W/r=0.788. 
The damper winding consists of five 
round bars per pole, three of them of 
copper, two of bronze with the resistivity 
two. The poles are not skewed. The 
motor will be considered at standstill 
(s=Sy=1) and running with normal 
speed (s=0; 5,’=variable). 

Table II gives the values of the rotor 
constants as well as of C,’, tan 0, and D,, 
for standstill (s,,=1). Table II gives the 
same values for synchronous speed (s,’ 
variable). The skin-effect has been neg- 
lected and thus both tables have the same 
values for ron’ and T (¢1.¢)n’- 

The examination of the tables shows 
that they have the same character as 
those for integral slot windings! and that 
the influence of the resistance is small. 


~ A comparison pebmect the last two col- 


umns shows that the slot leakage and the 
end-winding leakage cannot be neglected 
despite the fact that the harmonic leak- 
age is relatively large here because of the 
small number of slots per pole of the rotor. 

The total damping factor is 


) 

6? (te) Dn! | 

4 v B ‘ | 

D Se See vA (33) 
t Be (tex) 2 : 4 
+ v e 


when @ is an even number and 


ary ( ee ) Ds 


Dia ee tee (34) 
nal) 
Vv 
when 6 is an odd number. The denomi- — 


nators of these equations are given in 
Table I and Figure 1. 

The evaluation of equation 34 for the 
example considered above gives the same 
value for standstill and for running with 
synchronous speed, namely, D,=0.92. 
For the slot harmonics of first order, the 
factors D,’, from Tables II and III have 
been used. For higher slot harmonics, it 
has been assumed that D, equals one and 
equations 22 and 23 have been applied. 

The motor in question has a throw 
equal to 0.788. The factor D; has been 
determined for the throw 0.972 also and 
has been found to be practically the same 
as for the throw 0.788. This is in accord- 
ance with the results obtained for the 
integral-slot windings with g=2. Also, 
there the chording has little influence on 
the damping. 


Influence of Slot Openings and 
Shape of Magnetomotive Force 
Curve on Harmonic Leakage 


The previous considerations are based 
upon the assumption that the slot-open- 
ings reduce all field harmonics in the 
ratio of one to K,. It is shown in Appen- 
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E 
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dix I that this assumption is not true oft 


che slot-harmonics. Depending upon the 


number of slots per pole. and the coil 
_ pitch, one of the slot- harmonics of first or 
second order may be increased by the 
slot-openings while the other slot-har- 
monic of the same pair is decreased. 
is even possible that both slot-har- 
- monics of the first or second order are in- 
creased. by the slot-openings. 


It 


Further, 
the influence of the slot-openings on the 
slot-harmonics of higher order than two 
is negligible. This shows that the division 


of all harmonics by the Carter factor 


Ny 


r 


; 


- (equation 18) leads to too small a value 
of the harmonic leakage, the error being 
“larger the larger the ratio of slot-opening 
to slot pitch and of slot-opening to air , 
gap, that is, the error being larger for 


_ open slots than for semiopen slots. 


On the other hand, it is shown in Ap- 


’ _ pendix II that the calculation with the 
_ stepped magnetomotive force curve, based 


upon the assumption that the ampere 
conductors of each slot are concentrated 


in the middle of the slot, leads to too 


large amplitudes of the slot-harmonics 


and, therefore, to a too large value of the 
harmonic leakage, the error being again 


larger the larger the slot-opening. 


The error caused by the division of all 
harmonics by the Carter factor and the 
error caused by the assumption of the 
stepped shape for the magnetomotive 
force curve are thus of opposite sense, one 
decreasing the slot harmonics and the har- 
monic leakage, the other increasing them. 


Conclusion 


Experience shows that Figure 1 (as 
well as Figure 1 of reference 1) yields good 
practical results for the differential (har- 
monic) leakage, that is, results which 
agree with tests. Since these figures do 
not take into account the damping of the 
harmonics by the rotor and are based 


“ 


i f 
that the magnetomotive force curve has 
a stepped shape, their good agreement 
with tests means that the error caused by 
the division of all harmonics by the Carter 
factor is approximately equal and oppo- 
site to the errors caused by the neglect 


of damping and the assumption of the 


stepped magnetomotive force curve. 

Since the differential (harmonic) leak- 
age constitutes only a part of the total 
leakage, the use of a simple, although not 
entirely exact method of calculation of 
this leakage, is justified. 


Appendix I. Influence of the 
Slot Openings on the Differential 
Leakage 


The stator of an induction motor will be 
considered. The results obtained apply also 
to the rotor. 

The n’-th harmonic of the magneto- 
motive force curve is 


for’= Fe! sin (wt—n’—x) (35) 
pr 
3 Ranen 
ee iW an (36) 


The n’-th field harmonic has been derived 
from this (see equation 18) by multiplying 
with 


3.19 
gKakeks 


where the Carter factors K, and Ky have to 
take care of the influence of the slot-open- 
ings of stator and rotor. This yields for 
n'-th field harmonic 


3.19 


b = 
Ms gKoak ek s 


F,’ sin («1-n'Zx) (37) 
pr 

In order to determine more accurately the 

influence of the slot-openings, the gap per- 

meance will be introduced‘ in accordance 

with the assumption that the fundamental 

has two poles, as 


() =f 146 008 OE xtex 
gles & Pr 


The n!-th field harmonic becomes _ 


Bes Ts 
19 es T ; 
Fy’ sin Cae. 


by! = : 


[+6 co cos Or eta cos 2015 =f oi» =i 


: * (39) 
With the abbreviation 


3.19 (40) 


there is ay 


=A,’ sin (= oe 4s! sex 


c=1,2,3. 


(0 7 )x 7 
t b 
or 


; € 
bn’ =A,’ sin (« -n'Ex) 44 0 Dy x 


Gm 1, 2,3\06 


1 sin [at (c—n Ex | ‘ 
sin [ (Otw)Ex]t (41) 


Thus, because of the slot-openings of the 
stator, the m’-th stator harmonic produces a 
series of pairs of traveling waves. One wave 
of each pair travels in the direction of rota- 
tion, the other in opposite direction. Their 
respective velocities with regard to the 
stator are 


p T 
= d 
eee | w an 


These slot-opening waves may influence 
considerably those field harmonics with re- 
spect to which they are at standstill. Their 
influence on all other harmonics will be 
relatively small and can be taken care of by 
introducing the Carter factor, that is, by 
introducing in the denominator of equation 
40 the factor Ka. 

The.latter statement applies also to the 
influence of the rotor slot-openings on the 
stator harmonics, since the waves produced 


upon the assumptions that the slot-open- cos 20:—x+ (38) by them move with respect to the stator har- 
ings reduce equally all harmonics and pr monics. Therefore, considering the stator 
Table Ill. Synchronous Speed 
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Figure 4. Determination of the signs of & 
and €2 for q=even number 


harmonics, the factor Kw has to be intro- 
duced in equation 40. 

Now the stator field harmonics have to 
be determined, the velocities of which are 
given by equation 42. These stator field 
harmonics will be increased or reduced con- 
siderably by the slot-opening waves. 

The n’-th stator harmonic has with re- 
spect to the stator the speed 


i lee (43) 


Since the order of the stator slot-harmonics 
is given by the equation 
n' g=FkOitp (44) 
it follows that the slot-opening waves pro- 
duced by the synchronous wave (n’=p) are 
at standstill with respect, to the slot-har- 
monics and these are the only waves which 
are at standstill with respect to each other. 
It follows further from equations 42 and 44 
that the slot-opening wave of the order c=1 
is at standstill with respect to the slot- 
harmonic of first order (k =1), that the slot- 
opening wave of the order c=2 is at stand- 
still with respect to the slot-harmonic of 
second order (k =2), and so on. 

Usually only the slot-opening waves of 
the orders c=1 and c=2 have to be taken 
into account. From equation 41 


b' s9=A (n! ran Ssiol wt (O49) Ex -v | 


(45) 
and 


b"0= An! =n) 5 S sof wit (O.— pat fe 2 
(46) 


where J, is the magnetizing current. 
A (n'=p) is proportional to the primary cur- 
rent J;. The factor J,/J, takes into account 
the fact that the amplitude of the slot-open- 
ing waves is proportional to the resultant 
synchronous wave, that is, to the synchro- 
nous wave produced by the primary and 
secondary magnetomotive force together 
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(aa) te be angle has to be introduced be- 
cause I, is not in phase with h. 
The slot harmonics are 


b’3=A(n’=cartp) Sin [ Fm (ot r=s | 
(47) 


7 Tv 
b" =A (n’=—caitp) Sit wt-++ (cQi ee 
(48) 
The ratio between the amplitudes of the two 
waves which travel in the direction of rota- 
tion is 
ris A (n’ =p) 


A (n’ = cQitp) qi 2 


-| ha(n' =p) | Rp(n' =p) |x 
Ran!’ =cartp) IL p(n! =caitn) 


Ob Im & 
p’ 2 
and the ratio between the amplitudes of the 


two waves which travel opposite to the direc- 
tion of rotation is 


(49) 


v___A@’=n) _Im& 


he 
A(n’=—caitp) Li 2 


-| ka(n’=7) | Fn(n’ =p) |x 
ha(n’ = —caitp) ILRp(n’ = —caitp) 

6Qi—P Im 

pe. 2 

The ratio I/I, as well as the angle y 


depend on the speed of the machine. For 
the induction motor it is approximately 


(50) 


Im 

i =0.08t00.2\ a+ standstill (51) 
Y=15° "to 25° 

T, =0.22t00.6 at high speed (52) 
¥=78° to 55° 


The first value refers to machines with a low 
number of poles, the second to machines 
with a high number of poles. For the syn- 
chronous motor, Im/0.385 at standstill 
and I,,/h0.8 to 1.1 at high speed; y is 
for both cases approximately 25 degrees. 
Further, for integral-slot windings 


Ra(n’ =p) ural tenet) 
ka(n= ==cQit+p) +1(c=2) 
when g is even 
(53 
kana) __ +1(c=1) 
Ra(n' = + cQit+p) +1(c=2) 
when g is odd 
and for fractional-slot windings? 
ka(n’ =p) _ har) 
Ran’ = =cQitp) —1(c=2) 
when P is even 
ka(n' =p) _ ties?) 
Ra(n’= +cqt+p) +1(c=2) (54) 
when P is odd and 8 is even 
Ra(n'p =p) — atom d) 
Ra(n! = +cai+p) 1 (c=2) 


when P is odd and 8 is odd 
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For the ratio of the pitch factors, 


ko(n’ =p) 
Ron’ = *caitp) 
that is, when one slot-harmonic has the pl 
sign, the other slot-harmonic of the same 


pair has the minus sign. 
The magnitude of & depends upon the \ 

| 

1 


=+1or +1 avy ($5) 


ratio between slot-opening and slot pitch 
and upon the ratio between slot-opening 
and gap. There is® 


€=KviK, (56) 


The factor Ky takes into account the ratio 
between slot-opening and slot pitch; its . 
value for c=1 and c=2 is given in Figure 2. 
6 takes into account the ratio between slot- 
opening and air gap; its value is given in 
Figure 3. K,=KakKe is the Carter factor. — 
For open slots, «&=0.5 to 0.7 and & is 
negligible; for semi-open slots €¢=0.05 to 
0.25 and €,=0.05 to 0.15. 

In order to find the sign of & with respect 
to the synchronous wave, consider Figures 
4 and 5, which relate to integral-slot wind-— 
ings withg=2andg=3. Itcan beseen that 
€, is positive for even and negative for odd 
values of g, while & is negative for even as 
well as odd values of g. 

Because of the slot-opening waves pro- 
duced by the synchronous wave (n’=$), 
one slot-harmonic of a pair may be decreased 
and the other increased, or both slot-har- 
monics of the pair may be decreased or in- 
creased. Whether the harmonic is de- 
creased or increased depends upon the num- 
ber of slots per pole and upon the coil 
pitch, that is, upon the sign of the pitch 
factor. 

Equations 51 and 52 show further that the 
influence of the slot-openings depends upon 
the speed of the machine. The harmonic 
(differential) leakage is therefore not a con- 
stant; it changes with the speed of the 
machine. 

As example the stator harmonics of an 
800-horsepower 8-pole induction motor with 
open slots will be considered. 

For this machine 


b, 0.415 

—=—— =7,49 

g 0.055 

bs 0.415 

=—=—— =().527 

ts 0.789 

From Figures 2 and 3, 

Ky, =1.06 Ky. =0.14 6=0.37 


The Carter factor is equal to 1.46. There- 
fore, 


: =1,06X0.37X1.46X0.5 =0.286 
Further, 

= 0.239 at full speed 
Im 


=0.06 at standstill 
qi 


For the machine under consideration, 


—=0.733 


ra 
ll 
on 
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j It follows from equations 39 and 40 for the 
slot harmonics of first order, 


4 


120-44 7 
f= (+1)(-) = x0.230%(—0.286) = 
’ +2.12 at full speed 

: 120-4 

pr = (+1) (+1) 7 X0.239 X (—0.286) = 


—1.98 at full speed 


a 0.06 
r’ = Dicker =-+0.5382 at standstill 


A 0.06 
r"=—1.98—— = —0. i 
r 0.230 0.497 at hand still 


From the two waves of first order produced 
‘by the slot-openings, one, which travels 
with the rotation, has a sign opposite to the 
corresponding slot-harmonic, while the 
other, which travels opposite to the direction 
of rotation, has the same sign as the cor- 
responding slot-harmonic. At standstill, 
the slot-harmonic that has the same direc- 
tion of rotation as the synchronous wave is 
‘reduced by approximately 50 per cent while 
the other slot-harmonic is increased by ap- 
proximately the same amount. The in- 
fluence of the slot-openings on the slot- 
harmonics of second order is small here be- 
cause of the open slots. It should be noted 
that the influence of the slot-openings on 
the slot-harmonics of first order is much 
smaller than in the considered example when 
the slots are semi-closed. However, in this 
case the slot-harmonics of second order are 
more influenced than in the case of open 
slots. 

In the calculation of the harmonic (dif- 
ferential) leakage (equation 13), the in- 
fluence of the slot-openings has been taken 
care of by dividing the amplitudes of the 
harmonics by the Carter factor, that is, by 
‘ealculating with an increased gap. It fol- 
lows from the results obtained above that 
the division by the Carter factor is correct 
only for the harmonics of lower order but 
not for the slot-harmonics. 


fl 


Appendix Il. Influence of the 
Shape of the Magnetomotive 
Force Curve 


The foregoing considerations are based on 
the assumption that the magnetomotive 
force has the stepped shape, that is, that the 
magnetomotive force of a single coil is a 
rectangle and that the magnetomotive force 
changes in the center of each slot abruptly. 
This assumption is not correct. Flux maps 
indicate that it would be more corréct to 
assume that, because of the slot-opening, 
the magnetomotive force of each single coil 
is not a rectangle but a trapezoid, as shown 
in Figure 6. This yields for the n’-th har- 
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‘Figure 5. -Deter- 
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Figure 6. Shape of the magnetomotive force 
of a single coil in open slots 


monic of an unchorded 3-phase integral- 
slot winding® 


Ran’ sin n’a/2 
t= Np, I ——— 
fn Be n'a/2 


sin (a1 a) (57) 
pr 


(58) 


For the rectangular shape (equations 35 
and 36) 


8/2 Ran’ 
fomeXe Npn I sin (aen'Zx) (59) 
T n pr 


Thus, the assumption of a trapezoidal shape 
introduces the factor 


sin n’a/2 

; n'a/2 hal 
Since a is a small angle, this factor will not 
influence the harmonics of lower order, but 
it will reduce the slot harmonics consider- 
ably, especially those of higher order. The 
harmonic (differential) leakage reactance 
that is built up by the sum of the leakage 
reactances of all harmonics, therefore, will 
be reduced also. The reduction caused by 
the trapezoid shape of the magnetomotive 
force will be larger the smaller the number of 
slots per pole per phase gq, since 2’a increases 
with decreasing q. 


Liwschitz—Differential Leakage 


On the basis of equation 57, the harmonic 
leakage reactance of an unchorded 3-phase 
integral-slot winding becomes wie 


4 5 j , Ran! 2 
y= — nN pr*bfil X 10 BS Bar es 


sin 2'a/2 mg \. 
pa/2 coth (» 3) (61) 


For the rectangular shape of the magneto- 
motive force 


4 Non? €. : Ran’ 2 
ae I 10-79 | == |e 62) 
en ay eae, >( eg) 


While the evaluation of the sum in equation 
61 is very tedious, the sum in equation 62 
can be expressed by a simple formula. For 
this reason the calculation with the step- 
shaped magnetomotive force is preferred. 
In the specific case of equation 61, that is, 
for unchorded 3-phase integral-slot windings, 
the following approximate formula applies: 


T 
= 44g 
Non? ' 
p= 4.0 = f110-7% (00+ 


b,6.5—0.69 
1,000 


T° I> 1.2 
(63) 


g’ is equal to the gap, g, times the Carter 
factor of the opposite slot. Te: 

The results obtained from equations 62 
and 63 will be compared for two machines 
with different numbers of slots per pole per 
phase. 

1. Six-hundred-horsepower induction 
motor considered in Appendix I: For this 
machine 


m=3 Np=80 p=4 fi=60 7=11.81 
1=11  ;=10 ~— r= 0.789 Bg =0.415 
g=0.055 Ka=1.464 Kg=1.047 
k 2 
Kyal.05 q=5 >(*) =0.0059 


(to Lge: 1) 
T 


It follows from equation 62 
4 80? 

x, =—3— 60 X10X 
w? 4 


11.81 se 
0.055 X 1.464 X 1.047 X 1.05 


0.0059 X 10-? =0.0873 ohm/phase 
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Pa 


and from equation 63 _ 


11.81 
Aon diel eiebs Lie hg 
Je ne 11 OoXLOAT is 
a 1,000 
0.374 6.5—0.6X5 
Ons 
(004 ae 5=Le ) 


=0.098 ohm/phase 


2. Twelve-hundred-horsepower 26-pole 
induction motor with open slots: For this 
motor 


m=3 Np,=195 p=138 fi=60 7=8.12 
1=24 1;=21 7,=0.901 b;=0.47 g=0.065 
Koa=1447 Ke=1.025 K;~l1.05 g=3 


x(*#)" =0.0120( for = 1) 


It follows from equation 62 


4 _ 150? 
pyle Bye 60X21 X 


yo = Os! 
8.12 
0.065 X 1.447 X 1.025 X1.05 


0.0129 10-7 =0.275 ohm/phase 


x 


and from equation 63 


8.12 Minos 
0.065 X 1.025 
1,000 
0.431 6.5—0.6X3 

TaN oe a 

( +9901 3-12 )io 


=().247 ohm/phase 


150? 
3 60 X24 


x,=4 


The values of the harmonic leakage obtained 
from equation 62, that is, on the basis of 
the stepped shape of the magnetomotive 
force curve, are about 10 to 15 per cent 
higher than those obtained from equation 63, 
that is, on the basis of the trapezoidal shape 
of the magnetomotive force curve. In the 
considered examples, g is equal to three and 
five, respectively. The difference between 
the results yielded by equations 62 and 63 
becomes larger for values of g smaller than 
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three; further, it is smaller for seni open! 
slots than for open slots; but in all cases the 
harmonic leakage obtained on the basis of 
the stepped shape of the magnetomotive 
force curve is larger than its real value. 


Nomenclature 


bs =slot width at the gap 
b,=tooth width at the gap 
c=order of the slot-opening wave 
D=damping factor 

fi=line frequency 


f=magnetomotive force, instantaneous 
value 

F=magnetomotive force, amplitude 

g=air gap 

J=current 


kag=distribution factor 

ky=pitch factor 

K,=Carter factor 

K,=saturation factor 

k=order of the slot-harmonic 

l,=ideal core length 

1=total core length 

m=number of phases 

n'=order of stator harmonics with respect 
to a fundamental whose wave length 
is equal to the circumference of the 
armature 


n' 
(» = =) =order of the stator harmonic with 


respect to the synchronous wave 
n'=order of the slot harmonics 
m,-=number of conductors in series per slot 
N=numerator of the fraction g= NV/8, that 

is, number of slots per phase in 8 poles 
Non or Ni=number of turns per phase 
p=number of pole pairs 
P=smallest integer which makes d in the 

equation d=(3NP+1)/f an integer 
Q=total number of slots 


N 
(« -*) =number of slots per phase per pole 


r2=resistance of the rotor per bar 


Liwschitz—Differential Leakage 


s=slip of the rotor with respect to the syn- 

: chronous wave 

Sn = slip of the rotor with respect to the 
n'-th stator harmonic 

W =coil width (in units of the pole pitch) 

Xm=reactance due to the main flux 


x, =differential (harmonic) leakage react- " 


ance per phase 
Z=coil width in slot pitches 
8 =denominator of the fraction g= _V/8 
€=amplitude of the slot-opening wave 
n =skew factor 


| 


£=coupling factor of the squirrel cage rotor — 


7r=pole pitch of the synchronous wave 

Tn’ =pole pitch of the m’-th harmonic 

7ts=slot pitch 

72 =total leakage coefficient of the rotor . 

T(s+e) =Slot and end-winding leakage coeffi- 
cient of the rotor 

7, =differential leakage coefficient of the 
rotor 

o= 2nf; 1 
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_ Synopsis: This paper presents an explana- 
“tion of the theory and explains the character- 
istics of an a-c adjustable-speed drive ob- 
“tained by using a polyphase commutator 
regulator mechanically coupled to the shaft 
of a wound-rotor induction motor and 
‘electrically connected to its slip rings. The 
_ theoretical loci of the system current vectors 
with respect to the voltage yectors of the 
induction motor are developed in terms of 
the constants of the machines and the ap- 
plied voltage. A method of determining the 
characteristics of the drive from no-load 
tests or from design data is presented. The 
characteristics predicted on these bases are 
in excellent agreement with those obtained 
experimentally. 


EVERAL methods have been em- 

ployed to provide an a-c drive of 
large capacity with suitable adjustable- 
speed characteristics. The choice of the 
method used usually is dependent on the 
characteristics required by the load. One 
of the most satisfactory of these systems 
from the standpoint of speed control is 
obtained by supplying the primary of 
an induction motor from a balanced poly- 
phase system and connecting its slip rings 
to a shunt-connected polyphase commu- 
tator regulator (see Figure 1). 

The electrical circuit of the rotor of this 
regulating machine is similar to that of a 
d-c armature. It usually is designed for 
low voltage in order to obtain good com- 
mutation of the alternating currents sup- 
plied to it from the brushes. The spacing 
of the brushes on the commutator is de- 
termined by the number of phases on the 
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: The Polyphase Commutator Regulator 
for Speed Control 


R. G. FELLERS 


ASSOCIATE AIEE 


motor rotor, that is on a 3-phase machine 
the angle between brushes is 120 elec- 
trical degrees. The stator or field wind- 
ing of the regulator may be a normal dis- 
tributed polyphase winding such as that 
found on a polyphase induction motor. 
However, for good commutation the main 
field windings usually are placed on 
salient poles between which interpoles 
can be provided. A compensating wind- 
ing usually is placed on the stator and 
connected in series with the rotor or 
armature. The field may be designed for 
operation either in series or in shunt with 
the armature. The drive using the shunt 
connection is the more common and is the 
one which is discussed here. This con- 
nection is shown diagrammatically in 
Figure 1. A transformer bank normally 
is provided to control the voltage applied 
to the field winding and thereby control 
the speed. Excellent speed regulation 
can be obtained when shunt excitation of 
the regulator is employed. This drive isa 
constant horsepower device. For a given 
power input the torque available at the 
shaft is increased as the speed is adjusted 
to lower values. 
The object of this paper is 


(a). To develop the theory of operation of 
the adjustable-speed drive consisting of a 


3 PHASE 
SUPPLY 


Figure 1. Com- 
plete circuit dia- 
gram of adjustable- 
; WOUND-ROTOR 
speed drive INDUCTION MOTOR 
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Ke 


characteristics of the drive from no-load — 


- wound-rotor induction motor and a shunte 


connected polyphase commutator regula- 


tor. 


(6). To obtain the expresdtn for the pri- 
mary current of the induction motor as a 
function of the phase voltage, the machine 
constants, and the slip. 


To presenta method of predicting the 


readings taken experimentally on the ma- 
chines, or from the design data of the ma- 
chines employed. ' 


Theory 


When the stator, or field, winding of 
the polyphase commutator regulator is 
connected to a balanced polyphase supply, 
a rotating magnetic field is set up which 
induces a voltage in this winding which is 
essentially equal and opposite to the ap- 
plied voltage. A voltage is induced in the 
conductors of the rotor also, unless it is 
rotating at synchronous speed in the 
same direction as the magnetic field. If 
the rotor is stationary the voltages in 
these conductors can be measured be- 
tween brushes placed on the commutator. 
By proper distribution of these brushes on 
the commutator, these voltages can be 
made to form a balanced polyphase sys- 
tem of any desired number of phases. If 
the brushes are all shifted in one direction 
in unison, the voltages between them are 
unchanged in magnitude, but the time 
phase of these voltages with respect to 
the field voltage will be changed. In this 


way the time phase of the brush voltages 
may be so shifted that they directly 
oppose the voltages supplying the field, 
or the voltages normally supplied to the 
brushes. 


This is referred to as the zero 


ADJUSTING 
TRANSFORMERS 


POLYPHASE COMMUTATOR 
REGULATOR 
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(A) 
REFLECTION OF I 
TO PRIMARY ©*° 


Vv 


I2 


fs Fie 
REFLECTION OF Ib TO PRIMARY 


E, represents the voltage induced in one 
phase of the secondary of the induction 
motor. E, is the voltage induced in one 
phase of the regulator field winding and 
it is proportional to the value of flux in the 
air gap and the frequency of the applied 
voltage. This applied voltage is of slip 
frequency, since it is the slip-ring voltage 
of the induction motor. Therefore, E, = 
eps, where s is the slip of the induction 
motor, @ is the air-gap flux of the poly- 
phase commutator regulator, and k is a 
constant involving the number of turns, 
winding, and other factors, of the com- 
nutator regulator. The same flux gene- 
‘ates the voltage in the armature, and if 
the armature is assumed to possess the 
same number of turns as the shunt field, 
the only difference between the expres- 
sion for E,, the armature circuit induced 
voltage, and E, is in the manner in which 
lip occurs. It has been mentioned pre- 
viously that the voltage appearing at the 
immature terminals is directly propor- 
ional to the speed of the machine, and 
herefore, E, = ko(1 — s). 

By neglecting the effect of exciting cur- 
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LOAD COMPONENT OF 
PRIMARY CURRENT 


lo TOTAL NO-LOAD 
CURRENT 


lexc 


(B) 


ADDITION OF IsAND 
lexcTO OBTAIN I; 


(D) 


Figure 5. Reflection 
of component cur- 
rents of induction- 
motor secondary cur- 
rent to primary 


rent of the commutator machine flowing 
through the induction-motor secondary, 
making Z, = Ro + jsXo, Zz = Ra + 
jsXq, and letting a be the turns ratio of 
the transformer in the field circuit, the 
following circuit equations are obtained: 


E,—1,(Z2+Z,) =(1—s)k¢ (1) 
Fe Oe (2) 


If the voltage induced in one phase of the 
induction-motor rotor at standstill is E, 
then EF, is equal to sE and: 


“. S(at+1)E-—sE 
<| (a-+1)32s—-2,+05Z, 


(3) 


If the load component of the secondary 
current of the induction motor is cal- 
culated according to equation 3 for differ- 
ent values of slip, the locus of the ex- 
tremity of the current vector with respect 
to the voltage E is of the form indicated 
by the curve in Figure 3. The operating 
range as a motor is indicated by the seg- 
ment ob of the inner loop, where o repre- 
sents the no-load point and 6 the stand- 
still point. Although theoretically cor- 
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- and X3 = a(X. + X,) + Xz. 


rect, this locus possesses the disadvan- 
tage that all of the constants of both the 
induction motor and the commutator 
machine must be known in order to cal- 
culate it, and this computation must be 
carried out point by point as the locus is 
not a simple geometric figure. 

If the voltage drop caused by the cur- 
rent flowing through the resistance of the 
secondary circuit of the induction motor 
is neglected when setting up the voltage 
equation for the stator circuit of the 
regulating machine, a circle locus defining 
the vector J, may be obtained which is a 
very good approximation of the theoreti- 
cal curve in the operating range. When 
this assumption is made the voltage equa- 
tions for the motor secondary take the 
following form: 


E,—I(Z2,+Z,) =(1—s)k¢ (4) 
E,—jlsX2 =asko P, (5) 


When sE is substituted for E, and the 
two equations are solved for Iz, the fol- 
lowing result is obtained: 
: (a+1)sE—E 
a(Ro+ Ra) +jsa(X2+Xaq) +jsX2 —jXe 
(6) 


For convenience, let R; = a(R2 + R,) 
Then 


I, 


_ _s(a+ 1)E—E 
~ Rs +j(sX3—X2) 


2 


By making use of the principle of super- 
position, the following component cur- 
rents are obtained: 


L=1,4+1, (7) 
In which 


wv s(a+l1)E 
7 Rs +j(sX3—X2) 


and 


—E 
| I oT 
R3+j(sX3—X2) 

The currents J, and J, are always in 
time phase opposition. They may be con- 
sidered as currents flowing in the imped- 
ance, R; + j(sX3 — X2), cattsed by volt- 
ages s(a + 1) E and —E which are in 
time phase opposition. The locus of the 
extremity of the current vector J, re- 
ferred to the voltage E for varying slip 
is a circle as shown in Figure 4A. Its 
diameter is vertical and has a magnitude 
E/R3. The locus of the extremity of the 
current vector J, is also a circle as indi- 
cated in Figure 4A. Its diameter is 


(Q+1)E VRP +X2 
X; R; 


at an angle tan —!(R;/X2) with the volt- 
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age vector E. The derivation of magni- 
tude and position of these circles is given 
in Appendix I. The locus of the extrem- 
ity of the vector J; obtained from equa- 
tion 7 also is found to be a circle as illus- 
trated in Figure 4B. The proof that it 
has a circle locus is presented in Appendix 
Tk 


All of this analysis has been carried out 
neglecting the exciting current of the 
polyphase commutator regulator and its 
associated transformer, which flows in 
the induction-motor secondary. This 
exciting current is directly proportional 
to the voltage applied to the field winding 
and inversely proportional to the fre- 
quency of this voltage. As the machines 
slow down due to increase in load, the slip 
increases and the frequency of the voltage 
applied to the regulator field increases 
proportionally. The voltage across the 
field winding increases also, though to a 
lesser degree because of the voltage drop 
IZ; in the secondary of the induction 
motor. Since the speed changes only 
slightly with load, the voltage and fre- 
quency applied to the field of the com- 
mutator machine are essentially wun- 
changed. The changes which do occur 
produce tendencies in opposite directions. 
Therefore, for a given setting of the 
regulating transformer, the exciting cur- 
rent of the commutator machine remains 
substantially constant. It is assumed to 
remain entirely so in the analysis pre- 
sented here. 

The total secondary current of the in- 
duction motor is made up of the exciting 
current and the current J; just obtained. 
The magnitude and direction of the cur- 
rent in the primary winding of the in- 
duction motor resulting from these two 
secondary currents can be determined by 
reflecting them separately as vectors to 
the primary vector diagram. This pro- 
cedure is indicated in Figure 5. The ex- 
citing current is reflected first and com- 
bined with the exciting current of the in- 
duction motor itself to give the total ex- 
citing current of the drive as shown in 
Figure 5B. Theload component h, of the 
secondary current when reflected to the 
primary winding produces a primary 
load component of current having a circle 
locus differing in magnitude from the 
secondary circle locus by the turns ratio 
of the motor as indicated in Figure 5C. 
Thus the primary current is the sum of the 
three components and is defined by a 
circle locus also. This is illustrated in 
Figures 5D and 6. 

The characteristics of the drive may be 
predicted from the circle diagram of the 
input current. 

The speed of the drive can be obtained 
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from relations of slip to the current J, in 
the following equation in which the re- 
sistance and leakage reactance of the in- 
duction motor primary are included. 


L= AZ 
ames jXa 4X: 
Gabe (a+1) (a+1)s 
(8) 
For the sake of convenience, let 
Rs 
——- =X», and 
(a+1)— aay aon 
Nef ara 
ACTS ae 
Then 
V 
ay (0) 


R : jX, 
4 RitiXi— 


The slip can now be obtained as follows. 
For a given current oe, as represented on 
Figure 7, the phase angle with respect to 
the voltage is 


(sX4—Xo) 


tan-! ¢=————_~ 
" (sRi-+ Ro) 


For infinite slip tan 9 = X./R,. An 
arbitrary point on the vertical axis, such 
as a in Figure 7 is selected. The line ab 
is drawn at the angle y with the hori- 
zontal such that tan y = R,/X4. The J, 
vector is tangent to its circle for the condi- 
tion of zero slip. This line is extended to 
give the point d, and the standstill value 
of J, is also extended until it intersects ab 
at f. The length db is then directly pro- 
portional to the slip. The line segment 
df is divided into 100 parts. Slip cor- 
responding to any load current may be 
obtained by extending the corresponding 
I, vector until it intersects this line and 
reading the slip directly. Proof of the 
validity of this procedure is found in 
Appendix III. 

The power loss associated with the no- 
load current is assumed to remain con- 
stant for all values of load, just as is done 
in the treatment of the 2-element induc- 
tion motor. This power loss is repre- 
sented by the product of the in-phase 
component of the no-load current and 
the phase voltage. 

Having determined the slip and the 
corresponding speed from the construc- 
tion shown in Figure 7, the other char- 
acteristics may be determined by con- 
structing the diagram for the motor shown 
in Figure 6. In this diagram (Figure 6) 
the load component of primary current is 
ob, and the copper loss for the current 
ob = (loss for oc)(0b/oc)?, where oc is the 
load component of primary current for 
the blocked rotor condition. If the loss 
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XCITING CURRENT 
TOTAL PRIMARY CURRENT 


LOAD COMPONENT 
OF PRIMARY CURRENT 


Figure 6. Locus of primary current 


STANDSTILL 
VALUE OF I, 


Figure 7. Determination of speed from circle 
diagram 


for oc is known, the copper loss of the 
drive can be evaluated for all values of the 
load component of the current ;, and the 
curve ohc constructed such that the cur- 
rent dh when multiplied by the voltage, 
V, gives the copper loss caused by the 
current 0b. Similarly other points on the 
curve can be obtained for different values 
of input current. 

The different quantities for the drive 
now can be obtained corresponding to 
any value of current i. 


1. Input =(be)V watts per phase 


2. Output=(b2)V watts per phase 


38. Iron loss, friction, and windage = (de)V 
watts per phase 


4. Copper loss = (hd)V watts per phase 


bh 
5. Efficiency = i 


be 
6. Power factor - 100 per cent 


100 per cent 


All of these letters refer to Figure 6. The 
slip may be obtained from Figure 7. 


db 
te Slip = (2x 100 per cent 
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DIAMETER OF I, CIRCLE 
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Figure 8. Construction of approximate circle 


6s9- 
AE — EXACT THEORETICAL LOCUS 


current locus 


? 


——— APPROXIMATE CIRCLE LOCUS 
Oo EXPERIMENTAL POINTS 


Input current loci of the drive 
according to both exact and approximate 
theories, and experimental points 


Figure 9. 


db 
8. Speed= ( 1 -%) synchronous speed 
9. Torque= (horsepower output) all 
27N 


On the basis of these expressions a com- 
plete set of characteristics can be pre- 
dicted. 


Experimental Results 


In order to verify the theory thus far 
presented a complete set of tests was 
made upon a drive consisting of a 4-pole 
5-horsepower wound-rotor induction mo- 
tor and a polyphase commutator regu- 
lator of approximately 2-horsepower rat- 
ing. The brushes of the regulator were so 
adjusted that the voltage appearing be- 
tween them was directly opposed to the 
voltage applied to the primary of the ad- 
justable transformer in its field circuit. 

The method employed to obtain the 
locus of primary current involves a deter- 
mination of (a) no-load voltage, current, 
and power input to the induction motor, 
(b) the blocked-rotor current, voltage, 
and input power taken both in the pri- 
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Figure 10. Operating characteristics of the 
adjustable-speed drive 


mary of the induction motor and in the 
armature circuit of the commutator ma- 
chine, and (c) the determination of the 
voltage ratio a. Reduced voltages can 
be used to obtain data for determining 
blocked-rotor inputs at rated voltage. 
By making use of equation 7 for the 
standstill condition, and the experi- 
mentally determined value of a, the 
blocked-rotor current om of the J, circle 
may be calculated from the blocked-rotor 
current oc of the primary current locus 
(see Figure 8). Likewise the blocked- 
rotor current o/ of the J, circle is deter- 
mined. 

The slip for which the component cur- 
rents J, and J, are equal in magnitude can 
be obtained from equation 7. This value 
is found to be 


1 


s=— 


a+1 


Substituting this value of slip into the ex- 
pression for Jz, it is then found that these 
two currents are equal when 


E 
Xs 


Roti -x;) 


Substituting the real value for X (see list 
of symbols), it is found that this current 
has a power factor angle \ with respect 
to the stator voltage E such that 


I,= 


aX, 
tan X a 


(a+1)R; 


Since the diameter of J, circle is deter- 
mined in direction and the point / is now 
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Proof that the terminus of the Jz 
vector has a circle locus 


Figure 11. 


known, the J, circle can be constructed. 
The diameter of this circle is E/Rs in 
length. The resistance Rs is equal to E 
divided by the current oy. The value of 
X, is obtained from the blocked-rotor 
readings taken on the regulator. These 
values can be used to determine the angle 
X. This angle and the J, circle determine 
the direction and magnitude of the cur- 
rent on which was specified as being equal 
to and opposite to a current vector og 
having its extremity on the J, circle. The 
points 0, g, and m determine the J, circle. 
The intersection of the J, circle with the 
horizontal axis at x is a point on the i 
circle. The points 0, c, and x determine 
the location of the J, circle. 

The theoretically accurate locus, the 
approximate circle, and the experimental 
points are shown in Figure 9. Complete 
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_ Conclusions 


‘cal locus. 
follows. It was assumed that the exciting — 


Sty (om, a % ; 35 ve 


' 
5 ke 


characteristics were predicted on the 


basis of this circle, making use of the 
. method devised in the discussion of the 


theory. These calculated results were in 


quite good agreement with the experi-— 
Character- — 
_ istics are shown in Figure 10. — 


mentally measured points. 


From the current loci it is evident that 
the power factor of experimental points is 
slightly higher than that of the theoreti- 
The explanation for this is as 


current of the commutator machine was 
constant. Actually, it decreases with load 


because the frequency of the voltage im- 


pressed on the regulator field increases, 
thereby increasing the field reactance as 
the drive slows down. The field voltage, 


however, was found to be substantially - 


constant with change in speed because of 
the effect of the voltage drop due to the 


_ impedance in the induction-motor second- 


ary winding. This would cause the excit- 
ing current of the regulator to be slightly 
smaller than was originally assumed. 

Reference to equations 3 and 7 shows 
that the impedance used in the approxi- 
mate theory has a slightly higher power 
factor than that of the exact expression. 
This explains why the theoretically less 
accurate curve is in better agreement with 
experimental results than that obtained 
from the more exact theory. 

Other errors present in the theory here 
presented are the statements that the loss 
associated with the no-load current is con- 
stant, regardless of load, and that the ma- 
chine impedances are constant, independ- 
ent of current. Both of these errors are 
inherent in normal induction motor 
theory. 

The polyphase commutator regulator 
was of considerably lower power rating 
than the induction motor and hence’ pos- 
sessed a higher armature resistance than 
was desirable. In order to load the in- 
duction motor fully, it was necessary to 
send currents through the armature of 
this machine considerably in excess of its 


‘normal current capacity. This resulted in 


abnormally high copper loss and the corre- 
spondingly low efficiencies observed. 

It will be observed that the voltage im- 
pressed on the commutator machine is 
only a fraction of the voltage rating of the 
induction motor secondary, this fraction 
being the per cent slip at full load. The 
current capacity of the regulator, how- 
ever, should be equal to that of the in- 
duction motor secondary winding, and 
therefore its kilovolt-ampere rating is the 
product of full-load slip and the rating of 
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operate between sync ni 
50 per c cent slip would requ 
tator machine twice as large as 0 

ating between synchronous speed “a 


per cent slip. For this reason the drive 


normally employed is a double-range sys- 


tem operating between plus 25 per cent 
slip and minus 25 per cent slip, rather 


than between synchronous speed and plus 


50 per cent slip. This requires an ohmic 


drop exciter for passing -Fheouge syn- 
chronism. 
The excellent . agreement of experi- 


mental results with those based on the 
theory presented in this paper indicates 


the theory to be sound. The method pre- 
sented here may be used to obtain from 
no-load tests or design data the operating 


characteristics of the drive employing the 


polyphase commutator regulator. Re- 
sults have shown the accuracy achieved 
to be high. 


Appendix |. Derivation of 
Position and Magnitude of the 


Circle Locus of I, for the Compen- 


sated Commutator Machine 


= s@+)E —  s@tiE- 
Rst+j(sXs—X2) VRs?+(sXs—X:2)? 


This is readily recognized as the equation 
of a circle when it is written 


, he-R dE 


The diameter of the circle is the maximum 
value which J, attains. In order to obtain 
the value of slip for which 7, is a maximum, 
this expression is differentiated with respect 
to s and equated to zero. 


dT, _ fs 

ds 
Rae (sX3—X2)*(a+1)E—s(a+1) x 

E[Rs?+ (sXy—Xo)*]~"?(sX3—X2) Xo 
R3?-+ (sX3—X2)* 

Multiplying through by 

[R2+ (sX3—X2)2]'/2 

and clearing fractions gives 

R3?+ (sX3 reas X2)? roy 5X3(sX3 — Xo) =(0 
Simplifying and solving for s yields 

R3?+X 9? 
.=———— 
X3X2 


Substitute this in the expression for J,. 


ip ea (@+1)E 
Le > 
X3Xe Ne: REAX? 2 es 2 
et eas 


Multiply through by X, and simplify. 
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mum Jy. 
a» RAL! Ye 

tan y= ag ae 
aon Ro &: 


Substitute in the valu 2 of 


= — 


a |" q . 
Appendix II. Proof That th 
Combination of the /, and 

Circles Is Also a Circle ya 


Employ a as the horizontal ont. 
and bas the vertical co-ordinate in Figure 1 ‘i 
Point P is obtained by extending t : 
chord ov of the J, circle until it Gated 
the I, circle at u. The distance uo= 
laid off from v along ov to obtain P. The 
locus of P is to be proved a circle. = 7 
a=angle which diameter of I, circle makes 
with horizontal *, 
r=radius of I, circle j 
R=radius of J, circle { 
d=diameter of I, circle 


D=diameter of I, circle 
From the figure for point P: 
a=(y—x) sin 6 

b=(y—<x) cos 6 

x=d cos 6 


y=D (sin 6 cos a+ cos 6 sin a) 
y—x=D sin @ cos a+ cos 0(D sin a—d) 


Substitute in the expression for a and b- 
the value of y—x. This yields: 


a=Dsin?6@ cos a+ sin @ cos 6(D sin a—d) 
(10) — 
b=D sin @ cos 6 cos a+ cos? 6(D sin a—d) : 
(11) 
Lett 


D sin a—d=m 
From equation 10 


: a—D sin? 6 cos a@ 
sin 6 cos 6= ————_ 
m 


Substitute this into equation 11. 


Da D* 
b=— cos a——cos? a sin? 6-+-m cos? 6 
m m 


Now 


cos? 6=1— sin? @ 


Da D*costatm?\ . 
m m 
Da cos a 
m om 
sin? @= ——_—_________ — 2 
D? cos? a (12) 
Sole 
m 
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letting n=sin 6. Rewriting equation 10 
gives 
1— sin?6 


Substitute n =sin 6. 
a=Dn? cos atnm V1—n? 


> ,—— a—Dn*?cosa a Dn 
0 Es at es =——— cosa‘ 
mn m 


fee RO ERA 


mn 


_ Eliminate the square root. 


; 2 
~~ 0=—m(1—n?) +—+D*n?x 
4 n 
cos? a—2aD cos a 
; Substitute for n? from equation 12. 


Da cos a 
-_ ——-+m-—b 
ei m 
D? cos? a 

m 


Then 


D?* cos? a _Da cos cans 
uae es m 
abr ys el 


D? cos? a 


D? cos? a 
m 
| 


Da cos a 
———+m-—b 
m 


ae (F282 + m0) 
™ 


D? cos? a 
m 
2aD cos a=0 


And 


— D*m? cos? a+aDm? cos a—bm*>+ 
aD? costa+ Dm? cos? a—bD*m cos? a 


D? cos? a+m?* 
a?D? cos? a+a?m? 


aD cos a+m?—bm 


—2aD cos a=0 


Clear fractions: 


a*D*m? cos? a—abDm? cos a+a?D*X 
cos‘a—abD'm cos* a+aDm'X 
cos a—bm5+aD*m? cos* a—bD*m'> X 
cos? a—abDm' cos a+b?m1—abD3m xX | 
cos? a+b?D?m? cos? a+a?D* X 
cos! ata?D?m? cos? at+a?D?m*X 
cos? ata?m1—2a?D‘ cos! a—2aD*m?x 
cos* a+2abD%m cos* a—2a?D?m* xX 
cos? a—2aDm! cos a+2abDm> xX 
cos a=0 


a?(D2m?cos?a+m') —a(D*m?cos?'a+Dmix 


cos a)+b2(D2m* cos? a+m*)—bxX 
(D*m3 cos? a+m'5) =0 


i D cos a(D? cos? a+m?) 
of ew D? cos? a+m? 


52 | D? cos? stm] 
mp: cos? a+m? 
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D? 
a*—aD cos Cr are cos? a)+ 


m\ D m? 
25 eS ee 2 Lge" 
(: im) 1 cos Bat 
This is 


D 2 m\? D* cos? a+m? 
Senge 


This is the equation of a circle with center at 
D cos a/2, m/2. 


Appendix Ill. Proof That the 
Line db of Figure 7 Is Proportional 


to Slip 


The line ab of Figure 7 is drawn at an 
angle y with the horizontal such that 
tan y=R,/X,. Point b is the intersection 
of the J, vector with the line making the 
angle y with the horizontal. Using the 
notation of Figure 7, the following equality 
may be written: 

By the law of sines 
ab ao 


sin @ sin a; 


a= < abo 

B=< oab 

a, =180°—(8+8) 

sin [180°—(8+6)] = sin (6+6) 

ao sin @ ao sin 0 

ab = ———qxcr = OOOO 
sin (8B+@) sin @cos B+ cos@sin B 

Divide through by cos 6 


1 
ab=ao tan 6 ———_—___———- 
tan 6 cos B+ sin B 
Now 
sin 8B = cos y 

1 
—tan @sin y + cos y 


cos 8 = —sin y, 
ab=ao tan 0 


The functions of theta and gamma are 


Xo 
2 rs Re 
tan 6= Mn y=. 
Ree VRY+X? 
t = ts 
ae co a 
gan A AL RGR? 


When these values are substituted in the 
expression for ab, the following result is 
obtained: 


xX 
xX.-— 
BY 
ab=ao re 
a 
§ 
1 
2 
wee Xe 
R, +2 VRI+XE VRY+X! 
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Clearing fractions yields ; 


2 2 
ab=a0(sX4—X 4) VRItKe 
RiX 9+ XsRo 
At zero slip ob of Figure 7 is tangent to the 
Iz circle. Under these conditions ab is 
equal to ad. The magnitude of ab for zero 
slip is 


2 2 
sb— ad =a0X, te 
Re eRe 
Now 
VRY+X? 
db =ab+da =a0(sX,—X)+X,)-—_——_— 
ab+da=ao(sXq ot RX +X Re 
VREtX? 
db =ao(sX,) ————— 
aS eae, 


The length db, then, is directly proportional 
to the slip. 


Appendix IV. List of Symbols 


a=ratio of number of turns in primary to 
number of turns in secondary of ad- 
justing transformer in field circuit of 
polyphase commutator regulator 

E=the voltage induced in one phase of the 
induction motor secondary by the 
mutual flux at standstill 

E, =the voltage induced in one phase of the 
armature winding of the compensated 
commutator regulator by the mutual 
flux 

E,=the voltage induced in one phase of the 
induction motor secondary by the 
mutual flux. It is sE where s is the 
slip 

E,=the effective generated voltage per 
phase appearing at the terminals of 
the armature and compensating 
winding together for the compen- 
sated commutator machine. It is 
E,—E,=k¢(1—s) 

E,=the voltage induced in one phase of the 
compensating winding of the com- 
mutator machine by the mutual flux 

E,=the voltage induced in one phase of the © 
stator winding of the commutator 
machine by the mutual flux. E,= 
kos 

J, =total primary current of induction motor 

I,=total load component of secondary cur- 
rent of induction motor 

I,=armature current of polyphase commu- 
tator regulator 

I... =exciting current of polyphase commu- 
tator regulator 

I, =no-load current of induction motor alone 

I,=component of J, due to s(a+1)E for the 
compensated drive 

I,=component of I, due to —E for the 
compensated drive 

N=speed of drive in revolutions per minute 

N,=no-load speed of drive in revolutions 
per minute 

N,;=synchronous speed of drive in revolu- 
tions per minute 
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Y virtue of its axial symmetric geom- 
etry, the coaxial tubular bus pos- 
sesses certain very desirable electrical and 
mechanical characteristics. Low induct- 
ance contributes to good voltage regula- 


_tion. Reduced skin and proximity ef- 
fects minimize line losses and average — 


temperature rise under load. Axial-sym- 
metric distribution of skin and proximity 
effects reduces current density distortion 
and attendant hot-spot concentrations, 


_ hence enables a greater current rating for 
a specified maximum copper tempera- 


ture. As electromagnetic forces between 
conductors are eliminated largely, me- 
chanical bracing against short-circuit 
forces correspondingly can be reduced. 
The nested conductors require less space 
for installation and a smaller supporting 
structure than they would if arranged 
side by side. 

Yet, despite these desirable character- 
istics, the paucity of published descrip- 
tions of actual installations!-?3 indicates 
that few coaxial busses have been con- 
structed to date. However, until recently 
factory distribution loads at frequencies 


THOMAS JAMES HIGGINS © 
/——_ASSOCIATE AIEE : 


greater than 60 cycles were uncommon, 
Again, most heavy 60-cycle loads were 


supplied over relatively short distances. © 


As these conditions are such that satis- 
factory 60-cycle operation can be ob- 
tained with the more conventional, 
though less electrically effective, construc- 


tion of conductors placed side by side, 


this limited use of coaxial busses is not 


niques developed during the war, the bus 
designer is faced with the necessity of 
designing heavy distribution busses which 
are not only long but also are to operate 
at frequencies of several hundred cycles 
and higher. But, the electrical character- 
istics of the coaxial bus are such that it is 
especially suited to satisfactory operation 
under either or both of these conditions. 
Hence it is to be expected that in the near 
future coaxial busses will find greater use 
than they have hitherto. 

At present, coaxial busses are con- 
structed of circular tubular conductor, of 
square tubular conductor, and of struc- 
tural tubular conductor comprised of two 


R,=primary resistance per phase of induc- 
tion motor 

Rz=secondary resistance per phase of induc- 
tion motor 

=a(R2+ Ra) 
Rieeaee 
(a+1) 

s=slip measured from zero at synchronous 
speed 

X,1=primary leakage reactance per phase of 
induction motor at standstill 

X2=secondary leakage reactance per phase 
of induction motor at standstill 


; X3=a(Xot+Xq) + Xe 


X3 
(a+1) 

Xq=leakage reactance per phase of arma- 
ture of polyphase commutator regu- 
lator with drive at standstill 
x. 

xX,=— 

(a+1) 


oPaxd 


4= 
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V=applied voltage per phase of induction 
motor 

Z2= impedance per phase of induction motor 
secondary 

Zqa=impedance per phase of armature of 
polyphase commutator regulator 

a=angle which line tangent to J; circle at 
origin makes with voltage vector 


xX 
B=tan-! Pree 
Ri 
y=tan”+— 
4 
¢@=total air-gap flux of polyphase commu- 
tator regulator 
¥ =angle which the diameter of the I, circle 
makes with the voltage vector= 


tan~!—_ 
2 


_aXa _ 
~ (@+))R 


A=tan- 


‘ 


surprising. Now, however, by virtue of 
manufacturing procedures and _ tech- 
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ee see 
copper temperatur 
forces,‘ formulas for 
inductance, often an 
in the design | of the bus, are 

Such formulas are d 
paper, it being assumed that th 
tors are nonmagnetic, of such ] 
that end effects are negligible, of 
thickness, right-cornered, and carry 
rents distributed uniformly over 1 
cross sections. Of these five condition $,: 
the first three are satisfied in practice. x 
The fourth, however, though essential 4 
tractable analysis, is usually not true in 
practice. Square tubes, channels, and — 
angles, drawn, rolled, bent, or otherwise 
formed in one piece, have rounded edges, — 
but the error introduced by neglecting the 
rounded edges is small. Commonly, the 
result obtained, though a bit low, is yet . 
sufficiently accurate for the work in 
hand. In any case, the incremental in- 
ductance associated with the rounded 
edges can be approximated closely by a 
simple semi-empirical formula derived by 
Dwight and Wang.’ Finally, though — 
skin and proximity effects render the cur- _ 
rent density over the cross sections of 
the conductors slightly nonuniform, the 
analysis in “Corrections for Rounded 
Edges and for Skin and Proximity Ef- 
fects,” later in this paper, indicates that 
at power frequencies the a-c inductance is 
practically identical with the d-c indies 
ance. 

Inasmuch as these five postulates are — 
granted as consistent with practice, 


-derivations of the desired formulas, 


though lengthy, are not difficult. The 
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eee made available for printing December 10, 
45. 


HENRY PETER MESSINGER is an electrical engineer 
in the cyclotron laboratory, Massachusetts In- 
stitute of Technology, Cambridge, Mass. THomas 
JAMES Hicerns is an associate professor of electrical 


engineering, Illinois Institute of Technology, Chi- 
cago, Ill. 


This paper is based upon a thesis supervised by Pro- 
fessor Higgins and submitted by Mr. Messinger to 
the faculty of the Illinois Institute of Technology 
in February 1946 in partial fulfillment of the re- 
quirements for the degree of master of science in 
electrical engineering, 


ELECTRICAL ENGINEERING 


sidered in various fashions as combina- 
tions of parallel-sided square areas. By 
virtue of geometric mean distance theory, 
the inductance can be expressed in terms 
of the self and mutual geometric mean 
distances of these square areas. These 
_ geometric mean distances can be calcu- 
_ lated from known formulas. Accordingly, 
_ determination of the inductance as a func- 
tion of the parameters defining the ge- 
ometry of the bus reduces, essentially, to 
specific determination of the geometric 
_ mean distances involved and substitution 
_ of them in the general equation for the 
e inductance.. 


o 


_ The general formula comprises 36 


ne 


terms. A simple approximate formula 
_ similarly derived, but on the assumption 
c. that the conductors can be considered as 
_ being indefinitely thin and hence having 
" cross sections comprised of line segments, 
affords values sufficiently accurate for 
_ many design purposes. As a further con- 
_ venience to numerical computation, this 
_ formula is epitomized in a single curve. 
_ Conductors which are indefinitely thin 
are limiting cases of conductors of finite 
thickness, a physical consideration which 
indicates that the approximate formula 
_ can be considered as a limiting case of the 
general formula. Analytical confirma- 
tion of this deduction provides a simul- 
_ taneous check of the correctness of the 
general and approximate formulas. 

The desired formulas, having been ob- 
tained and checked, are used as illus- 
trated by calculation of the inductance of 
typical busses constructed of square 
tubular conductors. Changes in induc- 
tance resulting from rounded corners on 
the conductors and from skin and proxim- 
ity effects are discussed in detail. Pro- 
cedures for calculating the inductance of 
coaxial busses, constructed of channels or 
angles, are advanced. Illustratively, the 
inductance of a bus constructed of chan- 
nels is calculated and found to be in good 
agreement with the experimentally deter- 
mined value. Finally, procedure for cal- 
culating the inductance of polyphase co- 
axial busses, comprised of square tubular 
conductors, is outlined. 


i) 
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General Relationships 


From well-known theory,®® the induc- 
tance of a bus comprised of two long 
parallel cylindrical nonmagnetic conduc- 
tors, each of an arbitrary cross section, is 


L =2 log Dgz?/DagD »» abhenrys per centi- 
meter of bus length (1) 


where D,, and D,, are the self geometric 
mean distances, and D,, is the mutual 
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geometric mean distance of the conductor 
cross sections. 

If each of the two conductors is con- 
structed of several subconductors con- 
nected in parallel, m composing the con- 
ductor of a cross section S, and that of a 
cross section S,, equation 1 can be written 


m+n mtn 
L=—(2/I*) 7 Do wawsS:SjlogDy (2) 


i=l j=l 


where J is the bus current; w, the cur- 
rent density in the ith subconductor of 
the sectional area S;, taken positive for 
current flow in one direction and negative 
for current flow in the opposite direction; 
and Dy=Dy is the geometric mean dis- 
tance between areas S; and S;. 

If Ss=RS and S;,=R’S’ are two arbi- 
trarily located parallel-sided rectangular 
areas (Figure 1), the mutual geometric 
mean distance is 


S,S; log Dyy= — (25/12) SS;— (1/24) X 


4 4 
D do(-1)?*"K (Ap, By) (3) 


p= q=l « 
where 


K(Ap,By) = (Ap*—6Ap*By?+ Bg) X 
log (Ap?+B,*)'/*—4A,BeX 
tan-1(A,/B,)—4A,%B, tan-1(Bg/Ay) (4) 


and 


Ai=|D+R+R’|, A2=|D+R,| 
A;=|D|, As=|D+R’| (5) 


B,=|P4+S+S'|, B=|P+S|, 
B;=|P|, Bs=|P+S’| (6) 


Derivation of the General Formula 


Consider a bus comprised of two co- 
axial square tubular conductors (Fig- 
ure 2). Each of the conductors can be 
considered as constructed of two subcon- 
ductors: one of a full square cross section 
wherein current exists in the same direc- 
tion as in the tubular conductor, the other 
of a smaller full square cross section hav- 
ing current in the opposite direction. 
Hence m=n=4, and from equation 2 


4 4 


=—(2/P) > Do wewsSiS; log Dy (7) 


i=l j=l 


By definition, Dy=Dy. By inspection 
of Figure 2, w= —w:=I/(a?—b?) and 
w;= —wi= —I/(c?—d*). Utilizing these 
relationships in equation 7 yields 


L=[-2/(a?—b4)[5,? log Du+5:*log Dn 
255,52 log Dis) +1 -2/(c?—d*)4] X 
[S3? log Dsst-Se? log Dus —2.53.54X 
log Du] +[4/(a?—b?) (c?—d?)] X 
[.SiS3 log Dis — SiSs log Dis — S283 X 
log Dos+ S254 log Dos] (8) 
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Figure 1 


Determining the ten geometric mean 
distances in the right-hand member of 
equation 8 by use of equations 3 to 6, 
substituting appropriately in equation 8, 
and collecting terms (a detailed analysis 
appears in Appendix I) yields 


L= {[—1/6(a?—b?)?][12a4 log a+12b!X 
log b—(a—b)* log (a—b) —(a+b)*X 
log (a+b) + (a*—6a?b?-+ b4) X 
log (a?+-b?) +10(a4+54) log 2+8abX 
(a?—6?) tan~! (a—b)/(a+b)+7X 
(a*—b?) (a—b)?]} +{[ —1/6(c?—d?)*]X 
[12c4 log c+12d‘ log d—(c—d)4X 
log (c—d) —(c+d)‘ log (c+d)+ 
(c4—6c7d?+-d*) log (c?-+-d?)+ 
10(c4+-d*) log 2+-8cd(c?—d?) X 
tan—! (c—d)/(c+d)+2(c?—d*) X 
(c—d)*]}+ {[—1/6(a*—b*) X 
(c?—d?)][(a—d)4 log (a—d) + 
(a+d)4 log (a+d) — (a*—6ad?+d4) X 
log (a?+-d?) —(b—d)* log (b—d) — 
(b-+d)*4 log (b-+d)+(b4—6b2d?+-d*) X 
log (b?+-d?) —(a—c)* log (a—c) — 
(a+c)* log (a+c)+(a*—6a%c?+-c*) X 
log (a?+c?)+(b—c)* log (b—c)+ 
(b-+c)4 log (b-+c) —(b*—6b%c?+-c4) X 
log (b?-++-c?) —8ad(a?—d?) X 
tan—! (a—d)/(a+d)+8bd(b2—d?) X 
tan-! (6—d)/(b+d)+S8ac(a?—c?) X 
tan—! (a—c)/(a+c) —8bc(b?—c*) X 
tan-! (b—c)/(b+c) —7(a?—d?) X 
(a—d)?+-2(b?—d*) (b—d)*+ 
3 (a*—c*) (a—c)?—x(b?—c*) (b—c)*]} 

(9) 


This is the desired formula for the in- 
ductance of a single phase bus. Further, 
it enables calculation of the inductance 
of a polyphase bus as outlined in “‘Poly- 
phase Coaxial Busses.” 


Corroboration of Equation 9 


In yet another fashion, each square 
tubular conductor can be assumed as 
constructed of four subconductors, each 
of a rectangular cross section and having 
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Figure 2 


current in the same direction as in the 


‘tubular conductor (Figure 3). Hence 
m=n=8, and from equation 2 
\ 8 8 
=— (2/1) D> YowawjSiSjlog Dy (10) 
7g — 0 


By definition, Dy=Dyi- By virtue of 
the geometric symmetries apparent in 
Figure 3, Dy = D33, Do= Ds, Ds5= D7, 
Des=Dss, Diz= Ds = Dog= Ds, Doe = Ds = 
Der=Di8, Dis=D37, D2 = Dass, Diz =Ds35, 
D2 = D4, Dig= Dig=D35= D38, and D25= 


Dy =Diss=Da7. Further, S,=S3, So= Su, 
S5= 57, Sg= See Wy =W.=W3=wWs=1/- 
(@?—b?), and w=we=w7=ws= —1/- 


(c?—d?). Utilizing these relationships in 
equation 10 yields 


L=4{[—1/(a?—6%)3] [S,2(log Du+ 
log Dy3) + S»” (log Do+ log Do) + 
4S,S_ log Dy] +[—1/(c?—d?)?] X 
[.S52(log Dss+ log Ds7) + S,?(log Des+ 
logD¢s) +4.S5SélogDs«] + [2/(a2—b?) & 
(c?—d?)|[S,S;(log Dis+ log Diz) + 
S2S6(log Dos+ log Dog) +2.5,S5X 


log Dig +2525; log Dos]} (11) 


Determining the 16 geometric mean 
distances in the right-hand member of 
equation 11 as detailed in Appendix II, 
substituting appropriately in equation 11, 
and collecting terms yields, 
tively, equation 9. 

Obviously, this corroboration can be 
interpreted as a check of the correctness 
of the expressions, derived in Appendixes 
I and II, for the geometric mean distances 
indicated in equations 8 and 11. 


corrobora- 


Approximations to General Formula 


The general formula for the inductance 
comprises 36 terms: 22 logarithmic, 6 
arctangentic, and 8 algebraic. But by use 
of the proper tools (an electric calculating 
machine and the 15-place Work Projects 
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out difficulty. The computa 


tance of: a elves bus cae 


will be fairly lengthy. For this 
formulas which enable rapid determina- 
tion of values accurate enough for much 
(in some instances, all) of the computa- 
tion incident to the final design of a bus. 

A means of deriving such formulas 


stems from an earlier investigation’ of 


the inductance of a coplanar bus com- 
prised of rectangular tubular conductors. 
Therein, values of inductance calculated 
from the general formula were found to be 
in excellent agreement with values of 
inductance calculated from much simpler 
formulas derived by Dwight and Wang,’ 
on the basis that the conductors are in- 
definitely thin. That is, they have cross 
sections comprised of line segments. 

Consider, then, the cross section of each 
conductor as constructed of four line 
segments (Figure 4). Hence m=n=8, 
and from equation 8 


8 8 


= —(2/I2) 3) D> wiw,S;S; log Diy 


i=1j=1 


(12) 


By definition, Dyj==Dy. By virtue of 
the geometric symmetries apparent in 
Figure 4, Dy =D22=D33=Du, Dis=Dee= 
Dyi=D ss, Dy = Dy = D2 = Ds, Dsg=Ds3= 
Der=D 78, Dig = Des, Doz = Do, Dis = Dog = 
D37 = Das, Dyz= Dog = D353 = Ds, and Di.= 
Dy3= Do = Dor = Dog = Dg = Ds = Da. Fur; 
ther, ons Sy Si SVe SiS Se= Ss; 
W1 =W.=UW3=wWi=1/4a, and w;=wWs=W7= 
ws3= —I/4c. Utilizing these relationships 
in equation 12 yields 


L=(—1/2) [log Du+2 log D+ log Dis) + 
(—1/2) [log Dss+2 log Dsgs+ 
log Ds7] + [log Dis +2 log Dig + 


log Diz] (13) 


Determining the nine geometric mean 
distances in the right-hand member of 
equation 13 as detailed in Appendix III, 
substituting appropriately in equation 13, 
and collecting terms yields 


=[(a+c)*/2ac] log (a+c) —[(a—c)?/2ac] X 
log (a—c) — log [(ac)*/(a?+-c?)] — 
[(a?—c?) /ac] tan~! [(a—c)/(at+ec)] + 

w(a*—c?)/4ac—3log2 (14) 


Simple algebraic manipulation of the 
logarithmic terms of equation 14 yields 
alternative formulas especially convenient 
to numerical computation. Thus 
L=log. [> *rr) 0 =) ta or) 
log((1—r)/(1+n)]+(7-1-—rn) X 
[r/4—tan—! (1—r)/(1+7)]—3 log 2 

(15) 
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where r=c/a. Again 


L=log (14+ 4?) —2 log (1—A?)—(1/2r) X 
(1—r)?log A+(r-1-—rn) X 
(r/4—tan-!A) (16) 


where 4 =(1—r)/(1+7). 

For purposes of computation, these ap- 
proximate formulas possess considerable 
advantage over the general formula. 
The latter comprises 36 terms, the former 
only a few terms. Moreover, the coef- 
ficients and arguments of these few terms 
are quite simple. Therefore, by virtue of 
the fewness and simplicity of the terms 
comprising the approximate formulas, 
they afford rapid computation. In fact, 
slide rule calculation is quite feasible; 
commonly, a 20-inch rule will afford 
values correct to a number of digits suffi- 
cient for most design work. But even 
slide rule calculation can be dispensed 
with in much work. The curves of Fig- 
ure 5, plotted from equation 16, afford suf- 
ficiently accurate values. For actual use, 
of course, Figure 5 is too small, but the 
designer can plot his own curves from the 
co-ordinates tabulated in Appendix IV. 

For use in “Corrections for Rounded 
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prised of indefinitely thin circular tubular 
conductor. It is interesting to note that 
these curves evidence the inductance of a 


_ bus comprised of thin square tubular con- 
_ ductors to be less than that of a bus com- 


prised of thin circular tubular conductors 


_ having diameters equal to the sides of the 
_ corresponding square conductors. 


Corroboration of the 
_ Approximate Equation ' 


‘As a minor check on the correctness of 


4 equation 14, we note that if a=c the con- 


ductors of Figure 4 are superimposed. 
As they carry equal currents in opposite 
directions, the bus vanishes electrically. 


Corroboratively, it is evident that lim 
a-—>c 


of the right-hand member of equation 14 
is zero. A major simultaneous check on 
both equations 9 and 14 stems from not- 
ing that if in Figure 2 b—a and d—c, we 
obtain a line-segment cross section as in 
Figure 4. Corroboratively, as detailed in 


Appendix V, lim lim of the right-hand 


d—>c b—>a 
member of equation 9 yields the right- 
hand member of equation 14. 

Inasmuch as the arguments and coef- 
ficients of the terms of right-hand mem- 
bers of equations 9, 14, 15, and 16 are 
without dimension, we note that in sub- 
stituting in these equations, a, b, c, and d 
can be expressed in any like unit of length. 
But otherwise, the units of all quantities 
mentioned to this point are in the abso- 
lute system: bus dimensions in centi- 
meters, current Jin abamperes, and induc- 
tance L in abhenrys per centimeter of bus 
length. Multiplying abhenrys per centi- 
meter by 3.048X10~5 yields millihenrys 
per foot of bus length; multiplying by 
11.48X10~6 yields 60-cycle reactance in 
ohms per foot of bus length. 


Some Illustrative Examples 


To illustrate the use of the general 
formula and to gain knowledge of the ac- 
curacy to be expected of values calcu- 
lated with the approximate formulas, we 
consider the following examples. 

In example 1, the problem is to calcu- 
late the inductance of a coaxial bus com- 
prised of two square tubular copper con- 
ductors: outer conductor, 6 inches 
square and 1/8 inch thick; inner conduc- 
tor, 4 inches square and 3/16 inch thick. 

Thus a=6, b=23/4, c=4, and d=29/8 
inches. Substituting these values in equa- 
tion 9, collecting and rearranging terms, 
obtaining values of the logarithmic and 
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curves for ie ane of tae com-. 


ee 
arctangentic terms from the Work 
Projects Administration tables, and ef- 


fecting all calculations on a 10-row elec- 


tric calculating machine yields* 


INDUCTANCE —ABHENRYS PER CENTIMETER OF BUS LENGTH 


L=0.758462 abhenry per centimeter of bus 
: length (17) 


Obviously, as by virtue of the assump- 
tions underlying derivation of the general 
formula, it is unlikely that L represents 
the inductance of the bus to more than 
plus or minus several in the third decimal 


’ t 5 


performed on a 10-row electric calculating 
machine, the added labor is negligible, 


and there is no uncertainty as to the ef- 


fect of cumulative errors on the accuracy 
of the first several digits of L. 

In example 2, the problem is to calcu- 
late the inductance of a bus comprised of 
line-segment conductors having (1) the 


external, (2) the mean, and (3) the in-- 


ternal dimensions of the conductors of 
example 1: 


1. a=6.0inches, c=4.0 inches, c/a =0.667 


A B 
1.507 6 oars 
El Ka aia DSU SSL 
oa Ms Ba is 
GAB a aM 
ok el aS 
Ne SE ae Se 
pas { SCALE 8 
0.757 3 
0.50F 2 
0.25F | 
olo 
ce) 0.1 0.2 0.3 0.40 0.5 0.6 0.7 0.8 
RATIO C/a 
Figure 5 2. a=47/8 inches, c=61/16 inches, c/a= 
0.648 
place, the last several digits have no 3- @=23/4 inches, c=29/8 inches, c/a= 


physical significance. They are given to 
emphasize that, insofar as the numerical 
computation is concerned, the value of L 
is correct to the number of places indi- 
cated. For all logarithmic and arctan- 
gentic terms were taken to nine decimal 
places; values stemming from 
quent arithmetic manipulations were held 
to the same number of decimals. 


comse- 


Inasmuch as the value given in the pre- 
ceding equation stems from a final alge- 
braic addition of some 32 terms, the larg- 
est of which approximates 300,000,000 
and the smallest 89, it is essential that 
some such degree of preciseness be held. 
But, since the resulting value of L is 
significant to only two or three decimal 
places, it is not unlikely that a study of 
the number of decimal places to be held 
in the various stages of computation 
would reveal that a smaller number than 
actually used still would be satisfactory. 
However, inasmuch, as 15-place tables 
were employed and the calculation was 
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0.631 


For these values of c/a, we obtain from 
Figure 5: 


1. Le=0.74 abhenry per centimeter of bus 
length. 


2. LIm=0.80 abhenry per centimeter of bus 
length. 


3. L;=0.85 abhenry per centimeter of bus 
length. 


We note that the value 0.74, corre- 
sponding to the use of the external di- 
mensions, and the value 0.758, calculated 
in example 1 by the use of the general 
formula, differ by only 2.4 per cent. This 
close agreement indicates that for the 
conditions which occur in practice (small 
conductor thicknesses, and ratio c/a not 
too near one) values of inductance suffi- 
ciently accurate for most design work can 
be calculated from the approximate 
formula by use of the external dimensions 
of the conductors. But since the ap- 
proximate formula is epitomized in the 
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curves of Figure 5,.from it we may ob- 
tain the inductance we need, only having 
to calculate the ratio c/a from the speci- 
fied bus dimensions. 

In consequence, considerable advantage 
with respect to time and labor accrues to 
the designer. To calculate the inductance 
from the curves of Figure 5 requires only 
several minutes, whereas several hours 
would be required to calculate the induc- 
tance from equation 9. Again, the values 
of example 2 indicate that small changes 
in bus dimensions result in relatively 
large changes in bus inductance. In 
that minimum inductance (hence mini- 
mum reactance and correspondingly bet- 
ter voltage regulation) is a desideratum of 
design, it behooves the designer to in- 
vestigate all possible combinations of 
conductors (that are otherwise satisfac- 
tory) for the purpose of selecting that 
combination which possesses minimum 
inductance. But if the inductances of 
very many combinations had to be cal- 
culated from equation 9, the time, labor, 
and tedium involved would be consider- 
able; on the other hand, the curves of 
Figure 5 enable evaluation in almost as 
many minutes as there are combinations 
to study. 


Corrections for Rounded Edges and 
for Skin and Proximity Effects 


ROUNDED EDGES 


To eliminate excessive edge heating 
caused by skin effect, square tubular con- 
ductors of commercial manufacture have 
rounded edges. Thus square tubular con- 
ductors of the sizes specified in example 1 
have rounded edges of outer, inner, and 
mean radius indicated as follows:1? 


a=6 inches; t=a—b=1/8 inch; rp 
inch, r3=5/8 inch, rm =11/16 inch. 


c=4 inches; t/=c—d=8/16 inch; 
inch, 7;=5/16 inch, 7, =13/32 inch. 


=3/4 


to=1/2 
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Dwight and Wang’ have derived, semi- 
empirically, that the approximate in- 
crease in inductance AL caused by round- 
ing the edges of a conductor of square 
cross section is 


AL =2[k? log k-1+-0.716k?+0.5k3+ . . .] 
abhenrys per centimeter of conduc- 
tor length (18) 


where k=0.463r/s, r is the mean radius 
of the rounded edge, s the mean side of 
the square cross section, and r is small 
compared with s, the accuracy increasing 
as r/s—0. 

For the outer conductor, s=a—t=47/8 
inches, and r=11/16 inch. Hence 
k=0.0542, and AL=0.022. For the in- 
ner conductor, s=c—t’=61/16 inches, 
and r=13/32 inch. Hence k=0.0494, 
and AL=0.018. Accordingly, the in- 
crease in bus inductance because of the 
rounded edges is 0.04 abhenry per centi- 
meter of buslength. The corrected value, 
then, is 0.798 abhenry per centimeter of 
bus length. 

The facts that rounding the corners will 
result in an increase of inductance and 
that the increase just calculated from 
equation 18 is of the correct order of 


Figure 7 


magnitude are confirmed by the following i 
consideration of the coaxial bus with a 
cross section as shown in Figure 6. As 4 
derived in Appendix VI, the d-c induct-— 
ance of this bus is 


L= { (142-3142) /2 (re? —142) + [2ra4/ (152 ; 
142)?] log 13/14} + { (122 —372) /2X 
(11212? ) + [21r14/ (11? —172?)?] X 
log r:/r2} +[2 log r2/rs] abhenrys per 

centimeter of bus length (19) 


_ SETS pee tit 


where the first and second braced 
terms stem, respectively, from the flux- 
current linkages in the regions m<r<rs, 
and r2<r<r, (hence they are the so- 
called internal inductances of the inner 
and outer conductors) and the third 
braced term stems from the flux-cur- 
rent linkages in the region r3<r<re 
(hence it is the so-called intra-inductance 
of the conductors). Let the conductors 
have (1) the same thicknesses and (2) 
external diameters equal to the external 
dimensions of the corresponding conduc- 
tors of example 1. Thus r,=3 inches, 
r2=23/8 inches, r3=2 inches, and 
r4=29/16 inches. Substituting these 
values in equation 19 and performing the 
indicated computation yields 


L=0.062+0.029+0.726 
=0.817 abhenry per centimeter of bus 
length (20) 
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This value is a bit greater than fie’ cor- 


2 


conductors, which is to be expected. For 


axial square tubular bus approaches the 
coaxial circular tubular bus as a geo- 
f _ metrical limit. Again, the magnitudes of 
the corrections for rounding i increase with 
; the radii of rounding. Hence it follows 

that the inductance of the square tubular 
_ bus approaches the inductance of the 
“circular tubular bus as a limit and that 
_ the approach is from below. 

In conclusion, it is to be noted that 
rounding of the edges, even if consider- 
_ able, results in a relatively small in- 
crease in inductance, no matter what the 
sizes may be of the conductors comprising 
the bus. For a circular tubular conductor 
can be considered as the extreme case of 
a rounded square tubular conductor, its 


7 


B. 


3 


2” side being equal to the diameter of the 


_' circular conductor. Yet for all values of 

_ the independent variable of Figure 5, 

corresponding ordinates of the curves for 

the square and circular conductors differ 
by only a few per cent. 


_ SKIN AND Proximity EFFEcTS 


As the frequency increases from zero 
to a specified value, the currents in the 
inner and cuter conductors of a coaxial 
circular tubular conductor tend to con- 
centrate in thin surface strata on the ad- 
jacent surfaces of the two conductors. 
This phenomenon results in a decrease of 

_ the flux-current linkages in the regions 
rasr<rz, and r<r<n. The flux-cur- 
rent linkages in the region rs<r<rz are, 
however, unchanged. The net result of 
the decrease in the internal inductances 
and of the constancy of the intra-induct- 
ance of the conductors is a decrease in 
the sum of the three, the total inductance 
of the bus. But, as in practical busses, 
the sum of the d-c internal inductances 
is, as evidenced in equation 20, only a 
few per cent of the total inductance, 
and as at 60-cycles the decrease in the 
internal inductances is only a fraction 
of one per cent of their d-c values, it fol- 
lows that the actual change in total in- 
ductance caused by  60-cycle skin and 
proximity effects is negligible. Con- 
firmatively, the authors have calculated 
the actual 60-cycle inductance of the cir- 
cular tubular bus in a foregoing section 
(‘Rounded Edges”) and find it to be 
identical (to several places of decimals) 
with the d-c value cited in equation 20. 

In view of the negligible change in the 
inductance of this coaxial circular tubular 
bus, the small two-per-cent difference be- 
tween the inductance of this bus and the 
one of the coaxial rounded square tubular 
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“rected value of 0. 798 for rounded square 


as the radii of rounding increase, the co- © 


bus of example 1, and the general geo- 
‘metric similarity between these two | 


busses, we conclude that in the bus of 
example 1, and in practical dimensioned 
rounded square tubular busses in general, 
60-cycle skin and proximity effects are 
negligible insofar as the inductance of the 
bus is concerned. This conclusion is in 
accord with the results of analytic and 
experimental investigations of the induct- 
ance of coplanar busses comprised of 
square’ tubular or rectangular! conduc- 
tor. 


. 


Budees Comprised of 
Structural Tubular Conductor 


A conductor comprised of two slightly 
separated channels or angles, placed 
flange to flange, usually is not of a square 
cross section. If, however, the cross sec- 
tion does not differ too greatly from a 


' square cross section, and commonly this 


is the case in practice, it is to be expected 
that a fairly good approximation to the 
actual inductance of the bus can be ef- 
fected by judicious use of the formulas for 
the square cross section. Thus for the 
bus dimensioned? * as in Figure 7, consider 
an equivalent square tubular bus with 
conductors having the same external 
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perimeters (rounded edges aside) as the 
onesin Figure 7. Then, as detailed in Ap- 
pendix VII, the inductance of this 
equivalent bus is 0.755 abhenry per centi- 
meter of bus length. Against this value 
we have the inductance, calculated (in 
Appendix VII) from the measured load 
impedance, as 0.837 abhenry per centi- 
meter of bus length. The difference in 
the two values is approximately 10 per 
cent of the measured value. On the other 
hand, if we assume an equivalent bus 
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having square conductors with sides equal . 
to the webs of the given conductors, we — 
obtain an inductance of 0.849 abhenry 
per centimeter of bus length. This value 
differs from the measured value by only 
1.4 per cent. In general, we infer that 
selecting an equivalent bus on one or the 
other of the bases mentioned will yield an ~ 
approximate value of inductance withina — 
few per cent of the actual value, which i is 
all that is required for most design pur- 
poses. 


Polyphase Coaxial Busses > 


To calculate the performance of poly- 
phase busses requires knowledge of the | 
reactance drops on the individual conduc- 
tors. The general equations for deter-. 
mining these reactance drops have been 
developed elsewhere.® It suffices here to 
mention that these equations express the 
reactance drops in terms of the self and 
mutual geometric mean distances of the 
cross sections of the square tubular con- 
ductors comprising the bus, and that 
these geometric mean distances are 
furnished by equation 8. For, as a com- 
parison of equations 1 and 8 makes clear, 
in the right-hand member of equation 8. 
the first term is minus twice the logarithm 


Figure 9 


of the self geometric mean distance of the 
outer hollow square of Figure 2, the second 
is minus twice the logarithm of the self 
geometric mean distance of the inner hol- 
low square, and the third is four times the 
logarithm of the mutual geometric mean 
distance of the two hollow squares. 
Hence as a, b, c, and d are arbitrary, we 
have general formulas for the self and 
mutual geometric mean distances of two 
concentric parallel-sided hollow rectangles 
of arbitrary dimensions. In essence, 
therefore, calculation of the reactance 
drops on the conductors of a specified 
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phase bus reduces to determina ‘ior 


i tira mean oe from the. just- 
mentioned formulas and substitution of 
these values in the general equations 
(which are typified by goa 28° of 
teference i 


Appendix aes 


The geometric mean distances indicated ze) 
- jn equation 8 follow from equation 3 by sub- 


stitution therein of the following values of 
the parameters A» and B,, these values being 
obtained from equations 5 and 6 through in- 
spection of Figure 2: 


A,=A3=B,=B3=a; 
A,=A,=B;=B,=0 
log Dx: A: =A3=Bi=B;=); 
A,=A,=B;,=B,=0 
log D33: A,=A;=B,=B;3=c; 
A,=A,=B,=B,=0 
A,=A;=B,=B;=d; 
A,=A,=B,=B,=0 
A,=A;=B,=B,= (a+b)/2; 
A2,=A,=B2= By=(a—b)/2 
log Dis: A,=A;=B,=B;=(a+0c)/2; 
A, =As=B:=B,=(a—c)/2 
log Dis: A1=A3=Bi=B;=(a+d)/2; 
Asm Are Bi Bi=(a—0)/2 
log Dy: A,=A3;=B,=B;3=(b+c)/2; 
A,=As=B.=By=(b—c)/2 
log Dy: A1=A;=Bi=B;=(b+d)/2; 
A,=Ay=B,=B,=(b—d)/2 
log Dss: A,=A;=B,=B;=(c+d)/2; 
A2,=As=B,=By=(c—d)/2 


log Dus: 


log Dy: 


Utilizing these parameters in equation 3 
yields 


Si? log Dy = — (25/12) S2— (1/6) [K(a,a)+ 
K(0,0)—2K(a,0)] (21) 
S,So log Diz = — (25/12)S:S2— (1/6) X 
{K[(a+b)/2, (a+b) /2]+ K[(¢—b)/2, 
(a—b)/2] —2K[(a+6)/2, (a—b)/2)} 
(22) 


’ and similar obvious equations are obtained 


for the other eight geometric mean distances. 

Substituting appropriately in equation 8 
and collecting corresponding terms in K 
yield 


L=[-—1/3(a?—b*)*] {2K[(a+b)/2, 
(a+b) /2]+2K[(a—b) /2, (a—b)/2] — 
4K [(a+b) /2, (a—b) /2] —K(a,a) — 
K(b,b) +2K(a,0)+2K (b,0)} + 
[—1/3(c?—d?)"] {2K[(c+d)/2, 
(c+d)/2]+2K[(c—d)/2, (c—d)/2] — 
4K[(c+d)/2, (c—d)/2] —K(c,c) — 
K(d,d) +2K (c,0)+2K(d,0)} + 
[2/3 (a*—b?) (c?—d*)]{ K[(a+d)/2, 
(a+d) /2)+K[(a—d) /2, (a—d)/2] — 
2K[(a+d)/2, (a—d)/2] — 
K[(o+d)/2, (6+d)/2] —K[(b—d)/2, 
(b—d) /2]+-2K[(b+d) /2, (6—d) /2] — 
K[(a+c)/2, (a+c)/2] —K[(a—c) /2, 
(a—c)/2]+2K[(a+c)/2, (a—c)/2]+ 
K[(6+¢)/2, (6+¢)/2]+K[(b—c)/2, 
(b—c)/2] —2K[(b+c¢)/2, (b—c)/2]} 
(23) 
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Appendix Il _ aoe 
The geometric mean dncanost indicated 
in equation 11 follow from equation 3 by 
substitution therein of the following values 
of the parameters A, and By, these values 
being obtained from equations 5 and 6 


_through inspection of Figure 3: 


A\=As=a, Ar=A,=0; 
By =B;=(a— —b)/2, B,=B,=0 
log De: WA aoe b)/2, A,=A,=0; 
Bi =Bs—0; Bob, — 0) 


log Dy: 


log Dss: A,=A3=¢, A,=A,4=0; 
B,=B;3=(c—d)/2, B.=B,=0 
: log De? A,=A3=(c—d)/2, AeA 0. 


Bi=B;=d, B= pe— 0 

log Dy: A:=(a—b)/2, A2=0, Az=a, 
As=(a+b)/2; Bi=(a+b)/2, Bo=b, 
B;=0, Bys=(a—b)/2 

log Dy3: A, =A;3=a, A,=A,=0; By—a, 
B,=B,=(a+)/2, Bs=b } 

log Dis: Ay=As=(a+c)/2, A2z=As= 
(a—c)/2; Bi=(a—d)/2, B,= 
(6—d)/2, Bs=(b—c)/2, Ba=(a—c)/2 

log Dy: A,=(a—d)/2, Ay=(a+d)/2, 
A3=(a+¢)/2, As=(a—c)/2; 
By =(a+d)/2, B,=(b+d)/2, 
B;=(b—d)/2, Bs=(a—d)/2 

log Diz: A,=A;3=(a+c)/2, As=Ai= 
(a—c)/2; Bi=(a+c)/2, B,=(b+c)/2, 
Bs=(b+d)/2, By=(a+d)/2 

log Duy: Ay=a, A,=Asy=(a+0d)/2, 
A;=); Bi =B;=b, Bs=Bi=0 

log Dos: Ai =(a+c)/2, A2=(b+c)/2, 
A;=(b—c)/2, Ay=(a@—c)/2; 
B, = (b—d)/2, By=(b+d)/2, 
Bs=(b+¢)/2, Bs=(b—c)/2 

log Dog: Ay=(a—d)/2, A,=(b—d)/2, 
A;=(b—c)/2, Ay=(a—c)/2; 
B,=B;=(b+d) /2, B,=B,=(b—d)/2 

log Des: Ai=(a+c)/2, Az,=(b+c)/2, 
A;=(b+d)/2, Ay=(a+d)/2; 
B,=B;=(b+d)/2, By, =B,=(b—d)/2 

log Ds: A,=(c—d)/2, Ay =(c+d)/2, 
A3;=¢, A,=0; B,=(c+d)/2, 
B.=d, By=0, By(c—d)/2 

log Dsz7: d 1=A3=¢, A,=A,=0; By=: 

By=B,=(c+d)/2, Bs=d 

A,=¢c, A,=A,=(c+d)/2, 
A,;=d; B,=B;=d, B,=B,=0 


log Dos: 


Substituting these parameters in equation 
3 yields, in terms of K, the desired expres- 
sions for the geometric mean distances 
(which have been omitted here because of 
the space required). Substituting these ex- 
pressions in equation 11 and collecting like 
terms yields equation 23 and hence, cor- 
roboratively, equation 9. 
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wherein, Petter: ‘ ¥ s a 
I(e,y) = (1/2) [ey log (x?-+y2) +2? 
tan~! (9/x) +9" tan~? i 


The geometric mean distances in ‘ 
in equation 13 are obtained by substitt 
in equation 24 of the first six, and in 
tion 25 of the last three, of the followir 
of values of the parameters x, y, R, a 
these values being obtained by inspection 
of Figures 4, 8, and 9: 


log Du: x=0, y=0, S=s=a « 
log Ds: x=0, y=0, S=s=c 
log Dis: x=a, y=0, S=s=a —' 
log Dizs =e, y—0, S—s—e 2 
log Dis: x=y=(a—c)/2, S=c, s=a 
log Diz: x=(a+c)/2, y=(a—c)/2, 

S=6, Se 
log Dy: x«=0, = se 
log Des x=0, y=0, R= = 
log Dig: x=(a—c)/2, y=(at+e)/2, 

R= f15—e 


Utilizing these naeaceleds in equations 
24 and 25 as stated yields 


log Du =log a—3/2 
log Dis= log c—3/2 
log Dz = log a+(1/2) log 24+7/4—3/2 | 
log Dss= log c+ (1/2) log 2+7/4—3/2 j 
log Dis= log a+7/2—3/; ‘ 
log Ds7= log c+7/2—3/2 
log Dis = (1/2) {log (a*-++-c?) + [(a?@—c?) /ac] X 
tan—? [(a+c)/(a—c)]— 
m(a—c)*?/4ac—3} 
log Dis= (1/4) { [(a+c)2/ac] log (a+c)— 
[(a—c)*?/ac] log (a—c) — 
2 log 2+7—6} 
log Dyz=(1/2)1{ og (a?++c*) — [(a2—c?) /ac]X 
tan™* [(a—c)/(a+c)]+ 
m(a+c)?/4ac— log 2—3} 


Appendix IV 


The co-ordinates used for plotting the 
curves of Figure 5 for the square tubular 
conductors are obtained by substituting the 
indicated values of A in equation 16, ob- 
taining the values of the logarithmic and 
arctangentic terms from the Work Projects 
Administration tables, and performing all 
computation on a 10-row electric calculating 
machine. To avoid cumulative errors all 
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The inductance of a coaxial bus com- 
_. prised of indefinitely thin circular tubular 

_ conductors, dimensioned as in shape 1 of 
_ Figure 5, is L=—2 log (c/a). Hence the 
co-ordinates of the curves of Figure 5 for 
__. shape 1 are as shown in Table IT. 


a 
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.- Appendix V 

© 

- _—s« Equation 23 for the inductance of a bus, 


with a cross section as illustrated in Figure 2 
is valid for conductors of arbitrary thickness. 
Accordingly, the inductance of a bus with a 
cross section comprised of line segments as 
shown in Figure 4 can be obtained by deter- 
mining the limit of the inductance of the bus 
in Figure 2 as the thicknesses of the conduc- 
tors comprising the bus approach zero. 

To effect this determination, we require, 
as will be seen below, knowledge of the fol- 
lowing derivatives: 0?K(u,u)/Ox?, 0O?K- 
(u,v) /Oy?, O2K(u,v)/Oxdy, wherein u= 
(«+y)/2, and v=(x—y)/2. From equation 
4 we have 


K(u,u) = —4u4 log u—2u4 log 2—2u4wr (27) 


Substituting from equation 27 into the 


identity 
O?K (uu) _ fa) 2 em Ou | Ou (28) 
oy Ox ~ Oulu dx Oy 


and performing the indicated differentiations 
yield 


OK (u,u) / oyox = — u?(12 log u+6 log 2+ 
6r+7) (29) 


Hence 


7K [(x+y)/2, (x+y)/2]/ oyox 
— [(w+y)?/4][12 log (x+y) — 
6 log 2+67r+7] (30) 


Similarly, 


O?K [(x—y)/2, (x—y)/2]/ dy dx 
= [(x—y)?/4] [12 log («—y) — 
6 log 2+6r+7] (31) 
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‘ the inductance need only be known to the 
three or four significant figures given in 


ONT. O/ltake.Sgs80. | 


To evaluate 0?K(u,v)/O0x Oy we note that 


the real part of the complex function 


W(w)=W(u+iv) = =U(u, v) +7V (u,v) 
=w'logw (32) 

is 

Re(W) = U(u,v) = K (u,v) + 2ruv3 (33) 

This identity is easily established by sepa- 

rating w‘ log w into its real and imaginary 


parts and using the identity tan—! w/v+ 
tan—1 v/u=7/2. Now 


eU OU du du 0?U Ov Ov" 


oxdy Ou? Ox OY Ov? Ox Oy 
make Ou | Ow ov 
Oudv_Ox Oy Ox Oy 
OU O'% ~oU Ov 
ou dx dy ‘Ou Ox Oy 


(34) 


Inasmuch as 


BW /dw? = d2U/du2+i02V/ du? 
=—02U/dv?—1d2V/dv? (35) 


we have 0?U/0u?=— 0?U/0v?=Re(d?W/- 
dw?). Accordingly, substituting appropri- 
ately in equation 34 and performing the in- 
dicated differentiations with respect to x 
and y gives 


0?U/ dx dy = (1/4) [Re(d?W/dw?) + 
Re(PW/dw*)+0+0+0] 
=1/,Re(d?W/dw*) (36) 


Substituting from equation 32 in equation 36 
and performing the indicated differentiation 
yields 


0?U/ 0x Oy = Re(6w? log w+ 7w?/2) 
= Re[6(u?—v?+ 2iuv) log (u+-iv)+ 
7(u2—v?2+ Qiuv) /2] 
=3(u?—v?) log (u?+v?) —12uy X 
tan710/u+7(u?—v?)/2 (37) 


Since, from equation 33, 


0?K / 0x Oy = 07U/ 0x Oy— 2x 02 (uv3) / Ox Oy 
(38) 


we obtain, on substitution in equation 38 
from equation 37 and expressing wu and v in 
terms of x and 4, 


OK [(x+y)/2, (x—y)/2]/Oxdy=3xy X 
log (x?+ y?) —3xy log 2—3(x?—-y*) x 

tan~1 [(x—y)/(x+-) ]+7xy/2+ 
3 (x?—-y?)/4 (39) 


With these identities obtained, we are 
prepared to consider the limiting process. 
For convenience, equation 9 is written in 
the form 


L=(—1/8)Ly(a,b)/(a?—b*)?— (1/8) L2 X 
(c,d) /(c?—d*)?+ (2/8) La(a,b,c,d) + 
(a?—b?)(c?—d*) (40) 
First, let ba. In the limit the outer con- 
ductor of Figure 2 is comprised of line seg- 


ments. The inductance of the resulting bus 
is 


lim Z =(—1/3) —) I,(a,b) /(a?—b?)?— 


b—>a 
(1/3)Lale.d)/(c2— d?)?-+ 
(2/3) lim L3(a,b,c,d) /(a?—b?) X 
b—a 


(c?—d?) (41) 
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Epa 
Now [L1(a,b) /(a?—b%)"Io=a=0/0; atic 


[Ls(a,b,c,d) /(a2—b?) (c? —d?®)]» =a=0/0. Ac- — 
_ cordingly, the limits in the right-hand mem- 


ber of equation 41 are to be determined by 


_ applying L’Hospital’s rule for evaluating — 


indeterminate expressions of the form 0/0. 
Applying this rule to the first limit yields — 


lim Ly(a,b)/(a*—b*)*={ [2°L,(a,b)/0*] + 
[0%(a2=62)/2%]}na (42) 


A second differentiation of numerator and 
denominator is necessary because the ratio 
of the first derivatives (for b=a) is also 
of the form 0/0. Performing the differentia- 
tions and ‘substitutions indicated gives 


(1/3) lim Ly(a,b)/(a?—0*)2=2 logat 
ag (1/2) log2+7%/2+7/6 (43) 
For the second limit, L’Hospital’s rule yields 
ie (a,b,c d / (a? —b?) (c?—d?) 


={ [2Zs(a,b,c,d)/Ob1/[d(a?—b2) x 
(c2?—d?)/Ob]}o=a (44) 


Effecting the differentiations and substi- 
tutions indicated gives 


ith L;(a,b,¢,d) / (a? — 6?) (c?—d?) 


=L’;(a,c,d)/(— 2a) (c?—d*) (45) 


wherein 


L';(a,¢,d) = [0{ —K[(a+d)/2, (@+d)/2]— 
K[(a—d)/2, (a—d)/2]+ 
2K [(a+d)/2, (a—d)/2]+ 
K[(a+e)/2, (a+c)/2]+ K [(e—c)/2, 
(a—c)/2|—2K [(a+c) /2, 
(a—c)/2]}/Ob}=a (46) 


Secondly, let dc. In the limit the inner 
conductor of Figure 2 is comprised of line 
segments, hence the cross section is now that 
of Figure 4. From equations 41, 43, and 
45, the inductance of this line segment bus is 


— [2 log a+ (1/2) log 2++ 
(1/3) lim La(c,d) + 
d—>c 


lim lim Z= 
d—>c a—>d 


r/2+7/6)— 
(c2?—d*)?+ (2/3) lim L’3(a,c,d) + 
d—c 
(—2a)(c?—d?) (47) 


Except for the interchange of a and bd with 
c and d, the second term in the right-hand 
member of equation 47 is identical with the 
first term in the right-hand member of equa- 
tion 41. Hence from equation 43, we have 


(1/3) lim Le(c,d) /(c? —d?)? =2 log ¢+ 
d—>c 
(1/2) log 2+7/2+7/6 (48) 
Now 
[L’3(a,c,d) /(—2a) (c? —d?) |e =a =0/0 
Accordingly, L’Hospital’s rule yields 
lim L’3(a,c,d) /(—2a) (c?—d?) 
d—>c 


={[0L’3(a,c,d) /0d]/[0(—2a) X 
—d*)/od]}a= 
: =L'';(a,c)/4ac (49) 
wherein 
L";(a,c) = [0?{ —K[(6+d)/2, (6+d)/2]— 
K[(6—d)/2, (b—d)/2]+2K [(6+4)/2, 
(b—d)/2]}/Od0blp=a (50) 
ad=c 
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Mm 


a bperformni ing the differentiation: 
_ equations 30, 31, , and 39 and subs 
indicated yields ae ar 


(1/3) L""s(a,c) /4ac = — (a/4c) log eee Say 
(a+c)]—(c/4a) log [(a—c¢)/ @+ol+ 
(1/2) log [(a?—c?) (a?+c?) ]— 5 
 [(@2—c2) /2ac] tan} [(a—c) + 


(a+c)]+7(a?—c?) /8ac— = 


log2+2/2+7/6 (51) 
Finally, substituting from equations 48 and 


49 in equation 47 and collecting terms — ‘trom Higure 6 we obtain, r espectively, 0.74, 


0.80, and 0.855 abhenry per centimeter of 


_ yields, corroboratively, equation 14. 


Appendix VI 


By virtue of the fundamental definition - 


of the inductance of a circuit, L=W/2I?, 
wherein W is the energy in the magnetic 
field produced by the circuit current iT; 
and the calculation of L reduces to the cal- 
culation of W. Because of the circular sym- 
metry of the coaxial circular tubular bus 
with a cross section as illustrated in Figure 
6, W easily is calculated from the well- 
known relation W=1/2 (summation of the 
flux-current linkages associated with the 
circuit). Accordingly, L=(summation of 
the flux-current linkages) /J?. 

In that a circular tubular conductor pro- 
duces no field in the cylindrical space 
bounded by its internal surface, the flux 
density B, and thus the flux-current link- 
age, in the region 0>r2>7%; is zero. 

In the region m2>r>r;3, we have B= 
Qu I(r)/r, wherein I(r) =I(r?—142) /(rs?9—14)? 
is the current in the region m>r>r. Ac- 
cordingly, the flux contained in a thin tube 
of unit length and of thickness dr is 
[2u I(r)dr/r]. Hence the total flux-current 
linkages per unit length are 


[2ul*/(re8—re2)*) fi (812) /rldr = 
[2ul*/(re®—142)*[ (rs?) X 
(r3? = 3874”) /4+r¢é log (13/74) ] (52) 


In the region rs<r<re, the flux density 
is B=2yI/r, the flux contained in a thin 
tube of unit length and of thickness dr is 
(2uI/r)dr, and the current encompassed by 
this flux is J. Hence the total flux-current 
linkages are 


oul? "(1 /r)dr =2uT? log (12/11) 


In the region ra<r<n, we have B= 
2ul(r)/r; hence the flux contained in a thin 
tube of unit length and of thickness dr is 
2Qul(r)/dr. The current encompassed by 
this flux is I(r) =I—I(r?—r1,?) /(r42—14?) = 
I(n2—r1?)/(r2—12"). Thus the total flux 
linkages are 


[2ul?®/(r:2—22)*) f(r?) /r dr 
= [2ul?/ (1? — 127)? ] (12 — 122) X 
(722-3117) /4-++114 log (11/12) } 


The total of the flux-current linkages is 
the sum of the right-hand members of equa- 
tions 52, 53, and 54. Dividing this sum by 
I? and taking w=1 yield the right-hand 
member of equation 19. 


(53) 


(54) 
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. “0 
‘square cross section, of external perim- — 
eters equal to these values, and of the same 


7 are encompasse | by recta 
25. 5 inches and ak bi 
ductors of 


thicknesses as ‘the given conductors. The 


ies; 


external, mean, 
are, respectively, 0.667, 0. 648, and 0.629, 


bus length. Again, ro=0.1875 and m= 
0.363, thus k,=0.0134 and k,;=0.0415. 
Hence from equation 18, we obtain respec- 
tively 0.0019 and 0.0134 abhenry per centi- 
meter of bus length as corrections for the 
rounding of the edges of the outer and inner 
conductors. Accordingly, the total induct-_ 
ance of the equivalent bus, depending on the 
dimensions used, is 


Le =0.750;) Jaq O18105 eaphe 87 abhenry 
per centimeter of bus length (55) 


On the other hand, if we assume the 
equivalent bus to be comprised of conduc- 
tors with sides of 6.25 inches and 4 inches, 
the dimensions of the webs of the corre- 
sponding given conductors, the correspond- 
ing ratios of c/a are 0.641, 0.621, and 0.600. 
From Figure 5 we obtain respectively 0.825, 
0.885, and 0.938 abhenry per centimeter of 
bus length. Again, k,=0.0142 and ki= 
0.0442, hence from equation 18 we obtain 
respectively 0.002 and 0.015 abhenry per 
centimeter of bus length as corrections for 
the rounding of the edges of the outer and 
inner conductors. Accordingly, the total 
inductance of the equivalent bus, depending 
on the dimensions used, is 


L,.=0.842; L»,=0.902; L;=0.950 abhenry 
per centimeter of bus length (56) 


Though for comparison values of Le, 
Lm, and L; are displayed, the results in the 
previous section ‘Some Illustrative Ex- 
amples” indicate that the external value 
would be used for actual computation. In 
such case, calculation of edge corrections is 
simplified by use of the external rather than 
the mean dimensions indicated in equation 
18. Proceeding thus for the bus equivalent 
on the basis of webs yields 0.024 rather than 
0.017. The difference in these two values is 
negligible in comparison with the total in- 
ductance. Further, as the correction in- 
creases, the calculation is on the safe side. 

The a-c resistance of the actual bus is 

=p(A,-1+A,;—1)K, ohms per foot of bus 

length (57) 


wherein p is the resistivity (in ohms-circu- 
lar mils per foot) of the copper at operating 
temperature, Ay and A, are the areas (in 
circular mils) of the cross sections of the 
outer and inner conductors, and K; is the 
skin effect factor of the conductors. 

In the absence of stated experimental 
values, we assume conventional values of 
50 degrees centigrade for the operating 
temperature and 98 per cent conductivity 
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in pe- « 


and internal ratios of Cites 


ce 
p ‘¢ the shay es of th 
ductors, is Ks=1.04._ 


yields a icealetantotoe 7 
foot of bus length. The f 
ance is 12 micro-ohms per foot bee 

From this value we find 
beL=(144—51.3)!/2/377= 
or in centimeter-gram-second unit 
abhenry per centimeter of bus lengt 
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Synopsis: Ocoee 3, a 1-unit 30,000-kva 
supervisory-controlled generating station of 
_ the Tennessee Valley Authority, has been 
_ in operation since April 30, 1943. An under- 
ground cable was selected for the control 
and telemetering channel, and neutralizing 
transformers were installed to protect against 
_ voltage rise resulting from transmission line 
faults. Instrumentation, controls, and sta- 
- tion auxiliaries were designed particularly 
_ to safeguard the unattended equipment. 
_ Maintenance includes two or three inspec- 
_ tions per week. The cost of supervision, 
_ operation, and maintenance is as low as 
- $0.101 per 1,000 kilowatt-hours. 


HE AUTOMATIC and supervisory 
control features of Ocoee 3 hydroelec- 
tric plant of the Tennessee Valley Author- 
ity are of special interest because of the 
_~ size and importance of the equipment con- 
_ trolled. The 30,000-kva generator is one of 
the large units in the United States operat- 
ing completely unattended, and the out- 
door switchyard with its 74,000-kva 161/ 
69/13.8-kv tap-changing-under-loadtrans- 
former bank serves as a switching center 
for the 154- and 66-kv transmission lines 
in the area. -The entire plant is super- 
visory-controlled from Ocoee 2 hydroelec- 
tric plant located five miles downstream. 
The geographical location and trans- 
mission line connections of Ocoee 3 plant 
are shown in Figure 1. The 154-kv line 
to Apalachia serves as a tie between the 
main 154-kv transmission system and the 
local 66-kv transmission system in the 
Ocoee River area. The installed generat- 
ing capacities of Ocoee 2 and Blue Ridge 
hydroelectric plants, which are connected 
to the 66-kv system, are 19,900 and 
20,000 kw respectively. 

Ocoee 3 Dam is located 2.5 miles up- 
stream from the powerhouse, and a con- 
necting tunnel terminates in a surge tank 
at the upper end of the penstock. A but- 
terfly valve is provided in the penstock 
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was considered seriously but decided 
against. It would have been necessary 
to follow the highway to avoid rough 


mountain terrain, and with the highway 
route, the hazard of malicious damage, 


. 


rock slides, and traffic accidents made this ~ 


— 


near the surge tank. ‘A view of the surge 
tank, valve house, penstock, powerhouse, 
and switchyard is shown in Figure 2. 

A single-line diagram of the Ocoee 3 
main electrical connections and the prin- 
cipal metering and relaying connections 
is shown in Figure 3. No additional gen- 
erating units are to be installed in the 
future, but provision is made in the design 
for an ultimate of two 154-kv lines gad 


_ four 66-kv lines. 


From the system operating standpoint, 
it would be preferable to have Ocoee 2 
plant supervisory-controlled from Ocoee 
3, but this was impractical because of the 
unsuitability for automatic operation of 
the equipment in Ocoee 2 plant, which 
was built in 1913. It was felt that for 
successful remote operation without un- 
due interruptions for minor troubles, all 
control features of the major equipment 
should be selected specially for non- 
attended operation, and this dictated that 
Ocoee 3 plant should be the controlled 
plant with the dispatcher’s board located 
at Ocoee 2. 


Control and Telemetering Channels 


In selecting the type of channels to be 
used for the control and metering circuits 
between Ocoee 3 and Ocoee 2, three possi- 
bilities were explored: leased wire from 
the local telephone company, carrier cur- 
rent, and an overhead or underground 
cable between the two plants. All forms 
of open-wire construction were rejected as 
not being sufficiently reliable, and this 
decision eliminated the use of leased-wire 
facilities since only open-wire lines were 
available from the local telephone com- 
pany. Carrier channels, while probably 
somewhat less expensive than an under- 
ground cable installation, were rejected 
because of the limited number of channels 
obtainable without undue complication 
and the feeling that at the present state 
of the art there would be some sacrifice 
in reliability and increase in maintenance 
with the use of carrier. The length of the 
channel, only six miles, was just short 
enough that the attractive economies of 
catrier channels over metallic wire chan- 
nels could not be realized unless the num- 
ber of channels was reduced to the abso- 
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scheme undesirable. Underground cable 
was selected finally because it was ex- 
pected that it would provide practically 
trouble-free service with the minimum of 


maintenance and the maximum number of — 


completely independent channels. 
The underground cable installed con- 


‘sists of a 51-pair number 19-American- 
' wire-gauge double-paper-insulated lead- 


covered tape-armored telephone cable 


with jute covering for subterranean serv-. 


ice. The cable is similar to standard tele- 
phone cable except that the withstanding 
voltage from conductors to sheath is 
3,500 volts, 60 cycles for 20 seconds, this 
being approximately double the voltage 
rating ordinarily used for telephone serv- 
ice. The cable is buried along the edge 
of the state highway between the plants, 


eT 


with manholes at each splice point spaced _ 


approximately 3,000 feet apart. The 


cable is gas-filled and maintained under ~ 


8-pound pressure to prevent the entrance 
of moisture. Pressure switches are in- 


stalled in the cable at every third manhole. 


and connected to one of the cable pairs 
to operate an annunciator at Ocoee 2 in 
the event of a break in the cable sheath 
and consequent loss of gas pressure. The 
allocation of cable pairs is shown in 
Table I. 


Table | 
No. of 
Pairs Service 
2....Supervisory control 
23....Metering 
4...,Direct-wire control and pilot-wire relaying 
1....Printing annunciator 
8....Communication (includes TVA system 
communication other than for Ocoee 3) 
13....Spare 
61...... Total 


Control Cable Protection 


Experience with remote-control and 
communication cables at a number of 
TVA plants had demonstrated that ex- 
traneous voltages appear on the cable 
conductors during phase-to-ground faults 
on the transmission system, With the 
cables enclosed in metallic sheaths and 
buried underground, induced voltages are 
avoided, but serious voltages do result 
from a rise of station ground potential 
above remote ground potential. They ap- 
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pear across the cable insulation and across 
the protector gaps at the cable terminals. 
At plants where large neutral currents are 
allowed to flow, the extraneous voltages 
may become excessive and render the cir- 
cuits inoperative at a time when they are 
most needed. 


Investigation indicated that at the’ 


Ocoee plants, excessive voltages caused by 
the rise of station ground potential were a 
probability. Although one of the most 
effective methods of reducing the rise of 
station ground potential is to reduce the 
station ground resistance, low ground re- 


sistance was extremely difficult to obtain > 


at the Ocoee plants because both plants 
are located in a mountainous region with 
deep rock formations underlying a com- 
paratively thin layer of topsoil. The final 
tested ground resistance at Ocoee 3 was 
0.5 ohm, while at Ocoee 2 the lowest value 
which it was practicable to obtain was 
1.4 ohms. With these values of ground 
resistance, the calculated rise of station 
ground potential above remote ground for 
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Location and transmission connections 


maximum ground fault current in the 
transformer bank neutrals was consider- 
ably in excess of the rating of the protec- 
tors. Special measures therefore had to be 
taken at both plants either to limit or to 
compensate for the rise in station ground 
potential. 

At Ocoee 3 a 5,5-ohm grounding reactor 
was installed in the 66-kv neutral of the 
transformer bank to reduce the maximum 
neutral short-circuit current. The reactor 
is of the outdoor oil-insulated type. It 
reduces the maximum 66-kv neutral fault 
current from 4,300 to 2,600 amperes, with 
a corresponding reduction in the rise of the 
Ocoee 3 ground potential. 

A similar solution could not be used at 
Ocoee 2 because the insulation of the old 
transformers at this plant is suitable for 
solidly grounded operation only. The 
protective measures adopted consisted of 
installing neutralizing transformers to 
compensate for the difference in ground 
potentials. The neutralizing transformers 
are of the 3-winding type, with the two 
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station cee Sao To ws detomn npli 
this, it was not considered practicable 
provide an insulating covering ov 
sheath and armor which would : 
subject to rather rapid deterioration; 
therefore, the cable was brought out of 
ground at a point approximately 500 
from the Ocoee 2 powerhouse and 1 
overhead on poles to the neutralizing 
transformers. ~. 


The neutralizing transformers are in- 
door-type rated 4,000 volts and are in- 
stalled in a weatherproof box mounted on — 
a pole structure near Ocoee 2 powerhouse. — 


Supervisory Control Equipment 


The selection of a multiconductor cable 
for the control channels between the © 
plants permitted an unrestricted choice of 
the several types of supervisory control 
equipment available, since it was not 
necessary to keep the number of conduc- : 
tors required for the control channel to an 
absolute minimum. Had it been neces- 
sary to limit the control channel to two 
wires, the selection of supervisory control | 
equipment would have been restricted to 
the type in which all operations are per- 
formed by coded impulsing. While this | 
type has been successfully used in smaller 
installations on the TVA system, it was 
felt that the large amount and variety of 
complicated controls involved at Ocoee 3 
justified utilizing any simplification which 
could be obtained in the supervisory con- 
trol equipment itself. 


Accordingly, a type of supervisory sys- 
tem requiring four instead of two line 
wires was selected. This equipment is 
essentially a direct-wire system of control 
and indication with step-type selector re- 
lays which transfer the line wires from one 
circuit to another. After the transfer is 
made, all operation of the equipment is 
done directly through auxiliary relays 
without further impulsing. Two standard 
23-point units are installed, of which 30 
points are used initially and the remaining 
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‘Table Il 


Service 


int Description 
awe gh Fey | <. x, 


es . wa = 
5....Control and. .13.8-, 66-, and 154-ky oil cir- 


~ indication cuit breaker control 
5....Control and. .13.8-, 66-, and 154-kv 
, indication motor-operated discon- 


. = necting switch control 
3....Control and. .Automatic- manual selec- 
indication 
t “ changing, generator volt- 
age regulator, and genera- 
tor starting and stopping 


-8....Control and. . Metering selection 


indication 
2....Control and. .Generating unit automatic 
indication start-stop and penstock 


butterfly valve 
. be gency close 

5....Control only . .Raise-lower control for gate 
limit adjustment, trans- 
former tap-changing, gen- 
erator voltage adjusting 
rheostat, and exciter field 
rheostat and potentiome- 
ter telemetering calibra- 
tion 


emer- 


.2....Indication ..Lock-out relay position and 
only generator breaker trip- 
ping bus indication 
UO tes ple Seatac. oo Spare 
= 46....Total 


16 points are for future expansion. Allo- 
- cation of the supervisory points is given 
in Table IT. 


- Telemetering 


Continuously telemetered indicators 
with individual transmitters and receivers 
are provided for all important quantities 
to be metered. . Intermittently tele- 
metered indicators are provided for the 
less important quantities, with one trans- 
_  mitter and receiver provided for two or 
more quantities, with selection by super- 
visory control. The telemetering pro- 
vided is shown in Table III. 


It was recognized that fewer  tele- 
metered indicators could be used, since if 
abnormal conditions should develop, 
there is little that the operator at Ocoee 2 
could do to correct the trouble, and the 
automatic protective devices would have 
to be relied upon to shut down the faulty 
equipment. It was felt; however, that the 
additional telemeters were justified be- 
cause abnormal operation of the equip- 
ment may show up on the instruments 
just before shutdown, and the informa- 
tion obtained may be of value in locating 
the trouble. 

Torque-balance-type telemeters are 
used for metering amperes, kilowatts, and 
kilovars. Individual instruments are 
provided for these quantities for the gen- 
erator and for transformer 154- and 69-kv 
amperes. A common instrument is pro- 
vided for transformer 154-kv kilowatts 
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_ tion for transformer tap- | 


Pitsble te. 


+7 va ; = ay 
‘No. of ! - pry . 
Trans- , 
mitters =: 
and 
Re- 
ceivers Type Service 
3....Torque balance..Generator amperes, kilo- 
watts, and kilovars 
4....Torque balance..Transformer 154- and 
66-kvy amperes, kilo- 


watts, and kilovars 
2....Torque balance, .66-kv line amperes, kilo- 
watts, and kilovars — 


3....Potentiometer...Turbine gate position, - 


gate limit and speed 
adjustment 
and transformer tap 
position 

2... .Direct wire...... Generator voltage and 

: speed indicator 

5... .Direct wire...... Synchroscope, incoming 
and receiving voltage, 
and frequency 


and kilovars, transformer 69-kv kilowatts 
and kilovars, 69-ky line amperes, and 69- 
kv line kilowatts and kilovars. Selection 
between kilowatts and kilovars and be- 
tween lines can be made by supervisory 
control. 

Potentiometer-type telemetering is used 
for turbine gate position, gate limit and 
speed adjustment setting, and main trans- 
former tap position. It consists of small 
potentiometers, mechanically connected 
to the device whose position is being tele- 
metered, and milliammeter receivers with 
appropriate scales. The potentiometers 
are connected to the Ocoee 3 250-volt 
control battery. To provide calibration 
of the receivers for change in battery volt- 
age and line wire resistance, a rheostat is 
provided in one of the line wires of each 
receiver, and a stipervisory point simul- 
taneously connects the three receivers 
directly to the Ocoee 3 battery supply. 


Figure 2. Surge tank, 

valve house, pen- 

stock, powerhouse, 
and switchyard 
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meters are operated directly over the line — 
wires without telemetering transmitters, 
as is also the turbine speed indicator which 
is operated from a magneto-generator 
geared to the main unit shaft. _ #3 

A recording voltmeter with milliam- 
meter element is operated from a rectifier t 
current transmitter with supervisory con- , 
trol selection of the voltage to be recorded. — of 
A station load recorder is operated from a 
thermoverter. A reservoir level recorder 
of the impulse type is provided with float- 
operated transmitter located at the dam. 
For this latter recorder, the line wires are 
run overhead on poles between the dam 
and Ocoee 3 powerhouse and thence 
through the underground cable to Ocoee 2. 


Main Control Switchboards pa) 


The main control switchboards at Ocoee 
3 are divided into three sections: the 
control and instrument board section, 
which is installed in one of the generator 
room walls and faces into the generator 
room; the relay board section, which is 
installed back-to-back to the control and 
instrument board; and the remote con- 
trol board, which faces the relay board. 
Figure 4 shows a floor plan layout of the 
generator and switchboard rooms. 

A complete set of controls and instru- 
ments is provided at Ocoee 3 for local 
control of the plant if desired for main- 
tenance and when the supervisory control 
is out of service. A view of the control 
and instrument board,is shown in Figure 
5. The local controls are similar to the 
manual controls provided for other TVA 
plants except for several additional con- 


TRANSACTIONS 339 


COPPER BASIN / OCOEE 2 


ast ff 


APALACHIA 


ie 


To synchroscope 


and voltmeters— 


@) 
‘i 


O1@ 
mle 
O1@ 
Selector relays Oy | 
300 kva-3¢ 


66 -/2.47-.48 kv 


SYMBOLS: 
__Telemetering transmitter 
SeSeS Generator voltage regulator 
\ / 


__Carrier telephone 


ae oe Reclosing relay 
(¢)--Thermal converter 
Bs ae Station load recorder 


--Automatic synchronizing 


trol features required because of auto- 
matic and supervisory control operations. 
A switch is provided on each panel for 
transferring the controls on that panel to 
either local or supervisory control.. On 
the generator panel a switch is provided 
to select either manual or automatic 
starting and synchronizing of the generat- 
ing unit. A switch also is provided for 
selecting automatic synchronizing of the 
unit for manual starting when all auxil- 
iaries are already in operation and it is 
not desired to go through the entire auto- 
matic starting sequence. 

All of the main protective and auto- 
matic control relays for the generating 
unit, main transformer bank, and trans- 
mission lines are mounted on the relay 
board. Primary relays are of the with- 
drawal type with built-in test facilities. 
Differential relays are of the percentage- 
differential induction type. An automatic 
oscillograph is installed on the relay board, 
and facilities are provided to permit con- 
necting the elements in the more impor- 
tant current and potential circuits for 
analysis of relay performance. 

The supervisory control equipment, the 
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Figure 3. Single-line diagram of main con- 
nections and the principal metering and 
relaying 


telemetering transmitters, the battery 
charger controls, and the battery distri- 
bution equipment are located on the re- 
mote control board. 


Dispatcher’s Board at Ocoee 2 


The dispatcher’s board, consisting of a 
2-panel completely enclosed cubicle, is 
installed at the left end of the Ocoee 2 
main switchboard. A view of this board 
is shown in Figure 6. The recording volt- 
meter, generator-load recorder printing 
annunciator, and water-level recorder are 
mounted on one panel, and the indicating 
telemeter receivers and supervisory con- 
trols are mounted on the other panel. 
The supervisory controls and associated 
position-indicating lamps are grouped 
according to function, and mimic busses 
are provided so as to present a single-line 
diagram arrangement. The printing 
annunciator is of the impulse type and 
automatically prints on a paper chart all 
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abnormal operations of the equipment at 
Ocoee 3 and also all opening and closing 
operations of the main circuit breakers. 


Generating Unit and Governor 


The generating unit consists of a 40,000- 
horsepower 200-rpm vertical-shaft Fran- 
cis-type turbine direct-connected to a 
30,000-kva 13.8-kv 0.9-power factor gen- 
erator. The generator is totally enclosed, 
with Kingsbury-type thrust bearing lo- 
cated below the rotor and with direct- 
connected main and pilot exciters. The 
governor is of the actuator type with 
motor-driven governor head driven by a 
permanent magnet generator direct-con- 
nected to the main unit shaft. 

The control and protective features of 
the main generating unit do not differs 
materially from those customarily pro- 
vided for large manually operated units. 
The turbine guide bearing is lubricated 
normally by an a-c motor-driven oil pump 
with pressure switch control arranged to 
transfer on loss of pressure to an emer- 
gency battery-driven pump. An auto- 
matic control is provided for the wicket 
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gates to close and lock them in the closed 
position upon loss of governor oil pressure. 
__ The oil in the generator thrust bearing is 
- self-circulating and no pumpsare required. 
A float switch is provided to operate an 
annunciator for low thrust-bearing oil 
level. Temperature detectors are pro- 
vided in the turbine guide bearing and 
- generator thrust bearing for annunciation 
and for operation of a bearing tempera- 
ture recorder mounted on the governor 
cabinet. An overspeed switch geared to 
the main shaft is arranged to energize the 
governor shut-down solenoid and operate 
an annunciator upon overspeed of the 


Figure 5. Generator room showing genera- 
ttor and main control and instrument board, 
with governor control board beyond 
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If the unit should run away, the operator 
at Ocoee 2 would be informed through the 
operation of the annunciator and the 
tachometer reading on the dispatcher’s 
board and will close the butterfly valve 
by supervisory control. 

The governor is of the conventional 


cabinet actuator type, with two motor- - 


driven oil pumps and governing mecha- 
nism mounted on the sump tank. Both 
pumps are under pressure-switch control, 
and the control provides for the operation 
of one pump normally to maintain gover- 
nor oil pressure. If this pump fails to 
maintain pressure, the second pump is 
started automatically. The governor 
manual controls, the penstock, scroll case, 
and cooling-water pressure gauges, the 
bearing  ‘‘thermoverters,”’ and _ the 
tachometer are mounted on the front 
of the governor cabinet. 

The synchronizing and load-limit de- 


Bohner, Maness—Supervisory Control 


‘ es 


synchronizing relays on the main n switch-_ 
ae, R pk. + 
_ An automatic device is provided on the 
governor which, when the unit is started, 
allows the gates to open quickly to the 
speed-no-load position and then intro- 
duces a time delay to permit the governor 
flyballs to take control and the generator 
voltage to build up before the gates can 
be opened further for loading of the unit. 
_ Automatically operated air brakes are 
provided to stop rotation of the unit after 
shutdown. Control is by an electrically 
operated pendulum timer which, after a 
time delay to allow the speed of the unit 
to drop to approximately 50 per cent of 
normal, applies the brakes intermittently 
until the unit is stopped. The control is 
interlocked through auxiliary switches to 
allow application of the brakes only if the 
wicket gates are completely closed oad 
the generator breaker is open. 


Generator Unit Protection 


- 


Protective equipment is provided to 
prevent starting of the unit if any of the 
following abnormal conditions exist: 


Overspeed device contacts closed. 
System voltage below normal. 


1 

2 

8. Incorrect phase sequence. 

4, Generator thermal relay contacts closed. 
5. 


Exciter field rheostat not at normal 
voltage no-load position. 


6. Main butterfly valve not fully epen. 
7. Generator neutral breaker not closed. 
8. Main exciter field breaker not closed. 
9 


Lock-out relay not reset. 


The following protective devices trip 
the generator breaker and shut down and 


Figure 6. Dispatcher's board at left end of existing control board in 
Ocoee 2 plant 
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vices are motor-operated to: pet opera-_ Ra 
tion of these devices by supervisory con- 
trol and to permit automatic synchroniz- ie 

ing by the automatic speed-matching and 


lock out the unit when abnormal condi- 
tions occur: 


1. Generator differential and neutral over- 
current relays. 


2. Generator thermal and phase overcur- 
rent relays. 
3. Generator a-c overvoltage relay. 


4. Generator overvoltage relay for sus- 
tained overvoltage. ; 


The following protective devices also 
trip and lock out the unit when abnormal 
conditions occur, but to prevent over- 
speeding, the generator breaker is not 
tripped until the wicket gates are closed 
to the no-load position. 


1. Reverse-phase and unbalanced-phase 
current relays. 


2. Field-failure relay. 


3. Flow switches for low flow of turbine 
seal water, generator bearing water, and air 
cooling water. 


4. Pressure switches for low governor oil 
pressure. 


5. Float switch for low turbine-bearing oil 
level. 


6. Temperature detectors for high turbine- 
and generator-bearing temperatures. 


7. Incomplete starting sequence relay. 


Station Service Supply 


Normal auxiliary power is obtained 
from a 450-kva 3-phase 13.8/460-volt 
transformer connected to the main trans- 
delta bus through a motor- 
operated disconnecting switch. Emer- 
gency station service power is obtained 
from a 300-kva 3-winding 3-phase 69,000/ 
12,450/460-volt transformer connected to 
the 69-kv transfer bus. The 12.45-kv 
winding supplies power to the dam over a 
2.5-mile overhead line. Both trans- 
formers normally are kept energized, and 


former 
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automatic transfer control is provided to 
close the emergency supply 440-volt 
breaker if the normal supply fails. 

Two 10-kw diverter-pole motor genera- 
tor sets are provided for control-battery 
charging. One of the sets operates on 
floating charge at all times, and automatic 


transfer is provided to start the other set 


in the event the first set trips off for any 
reason. A selector switch is provided to 
permit selecting the set which is to operate 
normally. 


Initial Power Operation 


The operation of the reservoir for this 
plant is co-ordinated to provide storage 
in advance of floods, to fluctuate the pool 
elevations to aid in malaria control, and to 
store water on small stream flow increases 
for later use for power generation. 

During the period from November 
1942 to April 19, 1943, the sluice gates at 
the Ocoee 3 Dam were operated to regu- 
late the downstream flow for power re- 
quirements at the Ocoee 1 and 2 plants 
and to meet the need of construction ac- 
tivities at the Ocoee 3 project. The gates 
were closed initially for the impounding of 
water to fill the reservoir on April 19, 
1943. From this date on, the entire in- 
flow, except that needed for the operation 
of the downstream Ocoee plants, was 
stored. The maximum reservoir elevation 
was reached on April 24, and the plant 
went into operation on April 30. 

No attendants of any kind are stationed 
at the powerhouse or the dam. The 
necessary supervision and operation func- 
tions of the Ocoee 3 project are performed 
by the employees of the Ocoee 2 hydro- 
electric plant. A maintenance employee 
and an operating employee visit the plant 
two or three times a week to check bat- 
teries and lamps, test oil, inspect auxiliary 
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equipment, clean switchboard panels, 


lubricate equipment, and inspect water 
plant. They stay from four to eight 


hours, depending on the work involved. 


The cost of supervision, operation, and 
maintenance at Ocoee 3 for the first 20 
months of operation is shown in Table IV. 


Table IV 
First 8 Next 6 Next 6 
Months Months Months 
4/30 to 1/1 to 7/1 to 
12/31 6/30 12/31. 
1943 1944 1944 
Supervision 
Te SbO%e..-4 3 2,017.. $.1,410.. $ 738 
Material.... 612.. 384.. 168 
Operation 
Labor.ci ais 7,929.. 3,288... 4,662 
Material 2,152... 612.. 528 
Maintenance 
Rabor,o..e 2,482... 2,640.. 2,172 
Material.... 536. . 804.. 636 
Total cost.... $15,728. . $9,138. . $8,904 


Gross genera- 

tion, kwhr. . 125,368,000. .90,561,000. .83,221,000 
Cost per 

1,000 kwhr. . $0.107 


$0.125.. $0.101.. 


The labor costs of supervision and 


operation are set up as 50 per cent of the . 


salaries of the supervising, clerical, and 
operating employees. The material costs 
of supervision and operation and the en- 
tire cost of maintenance are charged 100 
per cent to the plant. 


Ocoee 3 is the first of the Tennessee 


Valley Authority’s generating stations to 
be operated by supervisory control. Its 
excellent performance and low operation 
cost have encouraged an extension of this 
type of operation. Supervisory control is 
expected to be used for two other generat- 
ing stations of larger capacity now under 
design and is being considered for a num- 
ber of substations. 
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Synopsis: The primary object of the 
work described here was to determine what 
properties of the tape and associated mag- 
netic elements are responsible for the noise 
and signal output levels of magnetic re- 
cordings and, if possible, to display in 


specific equations the pertinent relation- 


ships connecting noise and signal levels with 
the physical properties of the tape and pole- 
pieces. In the course of the study, meth- 
ods appeared for decreasing the noise and 
increasing the useful signal reproduced from 
magnetic tape. These methods and some of 
the use that Bell Telephone Laboratories 
and Western Electric have made of them are 
mentioned in the discussion. While some 
of the work described in this paper has im- 
plications for more than one type of mag- 
netic recording process, perpendicular re- 
cording on tape! is the actual subject 
matter dealt with. In every case discussed, 
the record medium was 0.050 inch wide and 
0.0022 inch thick. Except where other- 
wise noted, a chrome-steel tape was used at 
a speed of 16 inches per second. 


Noise Levels in Magnetic 
Tape Recording 


NOISE IN DEMAGNETIZED TAPE 


N the experimental work on noise, the 
polepiece construction wa§ as shown in 
Figure 1, where the active portion of each 
polepiece consisted of a sheet of soft mag- 
netic material (for example permalloy) 
0.0015 inch thick and 0.040 inch wide, 
held against the tape by a light spring 
tension with the narrow dimension par- 
allel to the tape travel, the two pole- 
pieces exactly aligned with each other on 
opposite sides. When a piece of tape 
from which previous recordings have been 
erased by a demagnetizing process is 
passed between such polepieces, the signal 
picked up by the coils contains energy in 
a wide band of frequencies. This sug- 
gests that the noise may be caused by a 
large number of small magnetic irregulari- 
ties in the tape. Therefore it is sensible 
to start by a quantitative consideration 
of the noise frequency spectrum that 
would be produced by such irregularities. 
For concreteness, first suppose the tape 

is completely demagnetized except for one 
inclusion of magnetized material of dimen- 
sions small compared with the polepiece 
width (0.0015 inch). As the tape moves 
along, the flux passing into the polepieces 
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. plotted as in Figure 3; 


must vary with time in some such way as 
that shown in Figure 2. The width of 
the flat top must be certainly less than 
the time required for the tape to travel 
one polepiece width (0.0015 inch); it may 
be substantially less than this. The por- 
tion of the tape that is so near the pole- 
pieces that an appreciable fraction of the 
flux of a magnetized inclusion gets into 
them will be called the region of influence 
of the polepieces in this paper. The 
curve of Figure 2 may be translated into 
a relative flux versus distance curve and 
this curve f(x) 
may be said to have the shape of the 
region of influence.* The course with 
time of the flux that links the windings 
is then given by 


#4) = KMf[V(t—h)] (1) 


where V is tape speed, fo is the instant 
when the magnetized inclusion passes 
the center line of the polepieces, M is the 
magnetic moment of the inclusion, and 
K is a constant for the present considera- 
tions. 

The voltage induced in the reproducing 
coils that surround the polepiece is 


df , 
e(t)=KMnV-10-§ — (2) 
dx 


where » is the number of turns on the 
coils. Figure 4 shows the shape of the 
voltage pulse e(¢) corresponding to the 
shape of the region of influence of Figure 
3. 

We are interested in the total power 
developed in the frequency range Av by 
the combined effects of N voltage pulses 
such as the above scattered at random 
throughout every time interval T, This 
problem is treated in Appendix I. The 
result is shown to be 


2(KnX 1078)? Ww \. 
Py(v)dv = If S(v)2dv 
R ii 


(3) 


where 


thy aRaee 
v) = ei Be sill 


* Dependence of f(x) on the depth of the inclusion 
in the 0.002-inch tapeistaken account of only insofar 
as the f(x) finally derived is thought of as a value 
averaged over the tape thickness. 


2Qarvx 


Vdx 


(4) 


Wooldridge—Magnetic Tape Recording 


R is the impedance of the reproducing 


coil circuit, which is assumed to be a pure 
resistance independent of frequency. 
(Experimentally, this condition is met by — 
connecting the reproducing coils to a high — 
resistance.) 

At this point it is possible to test 
whether the simple theory under investi- 
gation properly accounts for the observed 
shape of the noise frequency distribution. 
A complete test would involve computing 
f(x) from the magnetic and geometric 
properties of the system and comparing 
the shape of the resulting S(v)? curve 
with noise measurements. It is not easy 
to compute f(x) in more than an ap- 
proximate manner. Therefore the re- 
verse procedure has been employed. . 
By trial and error an attempt has been 
made to draw an f(x) curve that, em- 
ployed in equation 3, leads to a noise fre- 
quency distribution that fits the observed 
facts. The result is shown in Figure 5, 
where the theoretically derived curve is 
superposed over the experimental noise 
measurements. The shape of the region 
of influence used in the derivation is 
shown in Figure 6. A study of the x- 
scale of this figure will show it to be 
reasonable for polepieces 0.0015. inch 
wide and tape 0.0022 inch thick. 

The approximate agreement between 
theory and experiment that just has been 
established justifies some confidence in 
the validity of the methods and the 
theory under test. A somewhat more 
quantitative test may be obtained by 
comparing the noise frequency distribu- 
tion and the signal frequency response 
characteristic. This method is developed 
in the following paragraphs. 

In Appendix II it is shown that the 
power that is dissipated in the output 
load R when a sine wave signal of fre- 
quency v is reproduced from the tape is 


1h eet 8)2 


P(v) == R (Ioah)? V2T (v)? (5) 


where 


. “Ae ieee f , 21% 

T(r) =f an [ f(x) g(«)] sin T dx (6) 
In these equations, J, is the half-ampli- 
tude of the tape magnetization, measured 
when the tape is well away from the region 
of influence of the polepieces, while g(x) 
is the factor by which the remanent mag- 
netization of the free tape is enhanced 
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Figure 1. Dimensions of active portion of | 
_polepieces used in noise and signal level 
wh studies 


UN 


Figure 2. Time variation of flux in polepieces 
caused by a single small magnetized region in 
demagnetized tape 


by the partial removal of the strong de- 
magnetizing field brought about by the 


‘proximity of the reproducing polepieces. 


Letters a and fh are the thickness of the 
tape and the polepiece height, respec- 
tively. 

This expression for the reproduced 
power depends on frequency only through 
I,? and T(v)?._ Moreover, J, is practically 
independent of frequency if the same cur- 
rent is sent through the recording coils 
for all frequencies. For frequencies so 
low that the recording current remains 
substantially constant during the pas- 
sage of an element of tape through the 
region of influence of the polepieces, it is 
obvious that this should be the case. 
But even for considerably higher fre- 
quencies, wherein the recording current 
changes appreciably while a tape element 
is near the polepieces, the amplitude of 
the recorded wave remains almost un- 
changed. This is because each tape 
element “‘remembers”’ the highest value of 
magnetizing field to which it is sub- 
jected, and not the last or even the 
average value. Actually, simple theory 
predicts a loss in J, of two or three deci- 
bels at around 5,000 cycles, but this is 
opposed by a gain of roughly similar mag- 
nitude because of the decrease with de- 
creasing wave length of the demagnetiz- 
ing factor of perpendicular recording. 
Therefore we may take J, to be independ- 
ent of frequency and consider equation 5 
to represent the over-all record-reproduce 
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o : MAGNETIZED REGION 


. — 


’ _ 
DISTANCE ALONG TAPE. FROM 
_ TO CENTER OF POLEPIECE 


Figure 3. ~ Qualitative shape of region of in- 
fluence of polepieces — 


This curve is copied from one derived later and 

displayed in Figure 6. The sloping sides are 

actually curved, as indicated by the derivative 

curve of Figure 4. This curvature is not evident 
-on such a small-scale figure 


frequency response characteristic for 
constant recording current and a high 
impedance output circuit. 

A comparison of equations 3 and 5 
shows that 


Pre) _ 0,50)" 
Ps) TO) 


where C is a constant that is of no im- 
mediate interest. Moreover, S(v) and 
T(v) will be identical if g(x) is a constant, 
that is, if the junction of the polepieces 
with the tape causes an inappreciable 
increase in the intensity of magnetiza- 
tion. Conversely, if the tape magnetiza- 
tion increases greatly because of the prox- 
imity of the polepieces, g(x) will be a 
strongly peaked function similar to f(x), 
and their product will be still more 
strongly peaked. In the first case, we 
should expect the noise and signal fre- 
quency characteristics to be the same; 
in the second case, the signal response 
should hold up to higher frequencies than 
the noise. 

The conclusions of the preceding para- 
graph are valid only if the theory of noise 
on which equation 3 was derived is true, 
that is, that the noise is caused by many 
random magnetic irregularities less than 
0.0015 inch in dimension. If the noise 
is attributable to any sort of mechanical 
vibration of the tape or polepieces, its 
frequency spectrum must be peaked at 
the vibration frequency or frequencies; 
the curve would bear little resemblance 
to that yielded by equation 3. If the 
noise is caused by many random ir- 
regularities in the tape which are not 
small in dimension compared to 0.0015 
inch, the noise spectrum must be en- 
hanced for wave lengths of the order of 
the irregularity dimensions. In such a 


(7) 
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between the polepieces of many rando 


quencies, qt 
Further, the high frequency 


the light of the preceding tncsios, t his : 
requires three conclusions: ‘ 


1. The noise is produced oy the passat > 


distributed magnetic irregularities. ts 


2. The noise producing irregularities are 
smaller than 0.0015 inch in size. 


3. g(x) is not a strongly peaked pei 


While the data seem adequate to justify 
these conclusions, they do not explain 
how the noise characteristic can actually _ 
have more high frequency content than — 
the response characteristic. However, — 
the simple theory given here neglects a — 
number of secondary effects and should 
not pretend to high accuracy in its pre- 
dictions. ‘ 

The conclusion that has been estab- 
lished is as important because of the noise 
producing mechanisms it proves neg- — 
ligible as for any positive contribution _ 
it may make to the theory of tape noise. 
For example, the noise cannot be caused 
by mechanical vibration of the tape or 
associated magnetic structures; it cannot 
be caused by variations in the magnetic 
properties of the tape because of mechan- 
ical eccentricities in the rolling mill; itcan- 
not be caused by any kind of inclusion or 
grain size effect unless the dimensions of 
the irregularities are less than 0.0015 
inch, 

An obvious possible source of small 
magnetic irregularities in nominally de- 
magnetized tape is found in the finite 
size of the magnetic domains that are 
believed to make up any permanent 
magnet. If a ‘“‘demagnetized”’ tape is. 
made up of many small magnetically 
saturated regions, oriented so as to cancel 
one another’s field, there must be local 
imperfections in the cancellation process. 
that result at any instant in the passage 
into the polepieces of a net flux different 
from zero. Statistical variations of this. 
leakage flux along the tape must give 
rise to noise. In Appendix III a cal- 
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Figure 4. Voltage pulse corresponding to the 
region of influence shown in Figure 3 


culation is carried out which leads to an 
expression for the open-circuit mean- 


. square-noise voltage that should be 


measured if the tape consisted of satu- 
rated domains of volume v, with com- 
pletely random directions of magnetiza- 
tion. The expression obtained is 


Ey?=3 X10‘ volt? (8) 


Now, if the domain theory of the noise 
of demagnetized tape is an adequate one, 
equation 8 should predict a noise voltage 
considerably higher than that actually 
observed. This is because it is known 
that mutual interaction among the do- 
mains goes ‘a long way toward cancelling 
out their resultant fields; the leakage 
flux must be only a fraction of that im- 
plied by random orientation, which was 
assumed in the derivation. 
Measurements by various investiga- 
tors ?»3 lead to values of v for most mag- 
netic materials of the order of 10~® to 
10-* centimeters.’ For tape that is only 
0.005 centimeter thick, there may be 
some reason to reject the higher figure, 
which corresponds to a linear dimension 
half as great as the tape thickness. Use 
of a value for v of 10~® centimeters? in 
equation 8 leads to a noise voltage 


Ey?~3 X 10-5 volt? 


The experimentally measured value, for 
the conditions dealt with, is 2 *K 107! 
volt.? 

Obviously, the domain theory passes 
the first test of adequacy. From the 
derivation of Appendix III, it is clear 
that the observed noise can be accounted 
for even though the domains cancel all 
but 1/1,000th of one another’s fields. 
It seems reasonable to conclude that the 
noise produced when demagnetized tape 
passes between the polepieces probably is 
caused by statistical variations in the flux 
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Figure 5. Compari- 
son between ob- 
served noise spec- 
trum of demagne- 
tized tape and theo- 
retical distribution 
based on region of 
influence of Figure 6 


Tape speed = 16 

inches per second. 

Polepiece width = 
0.0015 inch 


OPEN CIRCUIT OUTPUT — DECIBELS 


LAL 
seein eG) | eee ae 


Pa ela ol ee 


mes THEORETICAL 
@® OBSERVED 


500 1,000 5,000 8,000 


FREQUENCY — CYCLES PER SECOND 


leaving the tape owing to imperfect can- 
cellation of the domain fields. 


NOISE IN SATURATED TAPE 


When tape from which previous signals 
have been erased by a saturation process 
is led through the polepieces, the noise 
produced in the output circuit is from 10 
to 20 decibels higher than that of de- 
magnetized tape, depending on the tape 
material, but it has the same frequency 
distribution. As in the case of demag- 
netized tape noise, this points to small 
magnetic irregularities as the likely 
source of the noise. 

Since the tape is magnetized, nonmag- 
netic inclusions or variations in the 
coercive force or remanence would pro- 
duce noise, where such irregularities 
would be ineffective in demagnetized 
tape. Steel tape is known to contain 
inclusions of carbon, whereas the coer- 
cive force and remanence, measured in 
the direction of tape magnetization, must 
vary with the orientation of the tiny 
crystals that make up the tape. Both 
these possible sources of noise have been 
investigated. Tape sections were etched 
and microphotographs made to reveal 
carbon particles and crystal boundaries. 
Measurements were made of the carbon 
particle sizes and numbers and of the 
crystal sizes. From such data, order of 
magnitude calculations of the resulting 
noise were made in a manner similar to 
the domain calculation of Appendix III. 
In both cases the predicted noise was far 
too low. Although there were probably 
some nonmagnetic inclusions in the tape 
that werenot revealed by the etching proc- 
esses used (austenite, for example), it 
seems unlikely that these inclusions could 
be numerous enough to account for 
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Figure 6. Shape of region of influence of pole- 
pieces assumed in deriving curve of Figure 5 


the observed noise of magnetized tape. 

As a result of these measurements and 
calculations, it has been concluded that 
the cause of noise in magnetized tape is 
probably rather similar to the cause of the 
lower noise of demagnetized tape. To 
account for the increased level, it is 
simply necessary to postulate that the 
process of saturating the tape and then 
decreasing its flux nearly to zero by its 
own demagnetizing field (see the section 
on signal levels) results in a greater de- 
gree of local disorder among the domains, 
whereby larger variations occur from 
point to point in the amount of flux 
leaving the tape surface. 


Signal Levels in Magnetic 
Tape Recording 


Equations 5 and 6 constitute a formal 
expression for the power output of a tape 
recording, but in greater detail than is 
needed for signal level considerations. 
For the present purposes, we may note 
that for an undistorted sine wave repro- 
duction, 


=, sin 2rvt 
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where @ is the flux linking the reprodu 


+A 


a 


the ratio of these quantities, for the mag; 


‘ 
i 


(e=v/ 20nd X10-* 


> 


windings, and ®, is an amplitude. 


‘rms induced (open-circuit) vol Be a 


therefore 


It will be convenient to deal with the flux 
that enters the polepieces rather than the ;, 


fraction of it that links the coils. + 
calling (as stated in Appendix III) that 


netic structures in question, is 21/2 to 1, 
we may write ; 


1A 
en n®rzpv X107§ 
where ®p,> is the maximum flux that 
enters the polepieces during the sine 
wave reproduction. Substitution of nm = 
1,500 in this equation gives 


e€=2.6X10-@pppy (9) 


“ t 
where ¢ is in volts if ®pzp is in maxwells 


the reasons therefor. 


and v is in cycles per second. 
The consideration given in the pre- 
ceding section to the shape of the signal 


frequency response characteristic can 


be interpreted as an exploration of the 
dependence of ®gzp on frequency and 
In the present 
section the aim will be to reconcile the 
observed absolute magnitude of signal 
output voltage with the physical con- 
stants of the tape-polepiece structure. | 
It is both adequate and convenient to deal 
only with frequencies for which the wave 
length is so long compared with the 
region of influence of the polepieces that 
Prep is independent of vy. Frequencies 
lying along the straight, 6-decibel-per- 
octave portion of the response curve of 
Figure 7 meet this requirement. Much 
of the data to be quoted will pertain to 
vy = 300 cycles, for which equation 9 
becomes 


30) = 8.0 X10 23 @pzp (10) 


Before it is possible to obtain from 
equations 9 or 10 a figure for the output 
voltage that should be gotten from a 
magnetic tape recording, it is necessary 
to determine the value of ®pyp. The 
development has implied clearly that the 
intensity of magnetization in an element 
of tape when it lies between the reproduc- 
ing polepieces differs from the intensity 
in the same element when away from the 
influence of the polepieces, which in 
turn differs from the intensity that existed 
in the element when it lay between the 
recording polepieces. It is now neces- 
sary to examine in detail the hysteresis 
processes to which an element of tape is 
subjected during the erase-record-repro- 
duce cycle. 
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The second method erases previ- 


ous 


field is superposed on the signal fields. 
Saturation Erase; D-C Bias Record. 
Figure 8 displays the manner in which H 
and J (perpendicular to the tape surface) 
vary throughout the erase-record-re- 
produce cycle. When an element of tape 
passes between the erasing polepieces, its 


resulting magnetic state is represented | 


by the point A. As the element of tape 
leaves the erasing polepieces, its intensity 
of magnetization drops. If there were 
no demagnetizing effect, the intensity of 
magnetization would take on the value 
given by the intersection of the hysteresis 
loop with the ordinate axis, that is, the 
remanence of the magnetic material. 
However, the tape is so thin compared 
with its other dimensions that the pres- 
ence of perpendicular magnetization gives 
rise to a strong demagnetizing field that 
tends to diminish this magnetization. 
For the dimensions of the tape used, the 
demagnetizing factor is about 95 per 
cent of that which would be exhibited by 
an infinitely thin plane. For the pur- 
poses of this discussion, it is sufficiently 
accurate to take the demagnetizing factor 
as equal to that of the thin plane: 
4m. Consequently, when the element of 


recordings by demagnetizing the tape; pa 
"in the recording process an a-c biasing 


Figure 7. Compari- 
son of noise and sig- 
nal frequency char- 
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of the element of tape’ 
the line BB’ towards 


by the currents in the recording anc 
ing coils. If these currents sum to + 
the magnetization in the element of tape 
moves up to a value B’’, where the point — 
B”’ lies on ariother straight line that 
passes through the origin but which has a 
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Figure 8. Magnetic history of a tape element 
Saturation erase; d-c bias record 
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slope steeper than that of the line H= 
_—4nI. The exact value of this slope 
depends upon the extent to which the de- 
: magnetizing field of the thin tape is re- 
4 moved by the junction of the polepieces. 
- If the net field produced by the speech 
: Zi . . . Hale. 
_ and biasing currents is positive at the 
_ instant in question, the point represent- 
4 ing the magnetic state of the element will 
~ lie to the right of B’’. If the field is 
negative, the representative point will 
lie to the left of B’’. Nowit is necessary 
to take account of an important property 
of most permanent magnet materials‘; 
the hysteresis curve BB’’ B’ is nearly a 
straight line and is nearly reversible. 
This means that if the point representing 
the magnetic state of the element of tape 
while between the recording polepieces 
lies anywhere along the line BB’, then the 
_ point which represents the magnetic 
state of that element after it leaves the 
. recording polepieces will lie very close to 
' B. (The representative point for an 
element of tape which is not in the vicinity 
of polepieces must always lie some- 
where along the line H=—4zI.) This 


ae inl 


means that all values of recording fields. 


that produce magnetic states in the tape 
_ represented by points lying between B 
and B’ are nearly equivalent as far as the 


Figure 9. Oscillograms showing reproduced 
flux density as a function of recording current 


Saturation erase; d-c bias record 


a, 6, c—Correspond to increasingly negative 


biasing fields 
a, 6’, c’—Correspond to increasingly positive 
biasing fields 
(a) (e) 
(b) (a) 
(c) (b’) 
(d) (c’) 
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magnetization that they leave in the 


tape is concerned. It is evident, then, 


that when this method of recording is 


used, it is necessary to employ a negative 
biasing field so that all points represent- 
ing the magnetic states of elements of 
tape while between the recording pole- 
pieces will lie somewhere along the 
hysteresis curve to the left of B. When 
this is done, the magnetic state of an 
element of tape while between the record- 
ing polepieces is represented by some 
such point at C. When that element of 
tape leaves the recording polepieces, its 
magnetization increases along the nearly 
straight line CE until the point D is 
reached. When the element of tape 
comes between the polepieces again for 
reproducing the magnetization moves up 
to the still higher value represented by 
the point F, as the demagnetizing field 
is diminished by the junction of the 
polepieces. Since over a limited range 
the curves whose intersections determine 
the positions of the points D and E are 
nearly straight, as is the hysteresis curve 
BC, the magnetization induced in the 
reproducing polepieces (at £) is linearly 
related to the recording current (at C). 
The processes just described are shown 
in the curves of Figure 9, which have been 
plotted from tracings made on the screen 
of a cathode ray oscilloscope. The elec- 
trical circuit employed in these measure- 
ments was so arranged that the voltage 
supplied to the vertical plates of the os- 
cilloscope was at every instant propor- 
tional to the flux density in the element 
of tape lying between the reproducing 
polepieces. (This was done by the use 
of low frequency sine wave recordings on 
the tape and an appropriate output in- 
tegrating circuit); the voltage supplied 


Figure 10. — Plot of measurements on vicalloy 
rod when subjected to the hysteresis processes 
of the erase-record-reproduce cycle 


Demagnetizing field assumed between record 
and reproduce =—4nl; at reproduce, 
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to the horizontal plates was proportional 
to the recording current that had been 
used when this particular element was 


originally magnetized. (The fundamental 


of the reproduced signal, properly phase-- 
adjusted, supplied this voltage.) In 
Figure 9, (a) corresponds to the case in 


which no biasing field was used on re- 


cording; in the case of (b), a small 
negative biasing field was used; in curve 
(c) a somewhat larger field, and so forth. 
The sine wave recording current was | 
kept the same for all the curves. It is 
evident from these pictures that the 
phenomena described in the preceding 
paragraph have taken place. When the 
biasing field was small, as in (a) and (b), 
a large portion of the recording sine wave 
was nearly ineffective; when the biasing 
field became so large that the point repre- 
senting the magnetic condition of the 
element of tape while between the re- 
cording polepieces always lay to the left 
of B (Figure 8), the reproduced signal 
was large and free from distortion, as in 
(c). When the biasing field became too 
great, the recording began to get into the 
overload region of the hysteresis curve, 
and as a result weak, distorted signals 
began to appear, as in (d) and (e). 
When the biasing field was positive, as in 
(b’) and (c’), the reproduced signals 
were weak and distorted, as was to be 
expected. 

It has been seen that there is a sharp 
upper limit to the recording fields that 
can be employed, and that this limit is 
the field corresponding to the point B 
in Figure 8. There is also a lower 
limit. The lowest recording field which 
may be used without high distortion is 
the field corresponding to the point F. 
This is because the curves BB’’ B’, CDE, 
FO, and so forth begin to diverge mark- 
edly from straight lines if they are pro- 
longed beyond the J axis. Consequently, 
the process GJK, which corresponds to 
a strong negative recording current, 
restilts in a reproduced negative intensity 
of magnetization Ix which is smaller than 
it should be if distortionless recording 
were to be done. This effect is shown in 
Figure 10. The measurements plotted on 
this figure were made on a rod of one of 
the materials from which our magnetic 
tape is made (vicalloy®>), which had been 
heat treated so as to have approximately 
the same magnetic properties as the tape. 
(X-ray measurements on vicalloy tape 
show little preferred orientation of the 
crystals; hence the longitudinal proper- 
ties of the rod and the perpendicular 
properties of the tape should be similar.) 
The rod was magnetized, demagnetized, 
and remagnetized in such a way as to 


TRANSACTIONS 347 


Figure 11. Magnetic history of a tape element 


Demagnetization erase; no bias record 


trace out curves of the type ACDE 
(Figure 8). For the relation between H 
and J characteristic of point EZ, a demag- 
netizing factor for the tape polepiece 
combination of amount (1/3)4r was 
used. In later paragraphs it will be 
shown that a figure of (1/2)44 might 
have been better, but the difference 
should not affect the conclusions drawn. 
From experimental determinations of the 
flux densities at various corresponding 
points C and £, the curve of Figure 10 
was plotted, where the ordinate repre- 
sents the flux density in the tape when 
in the reproducing position and the ab- 
scissa is proportional to the recording 
field which originally magnetized the 
tape. From Figure 10 it is evident that 
a linear relation between output flux and 
input field ceases to exist when the repro- 
duced flux becomes negative. 

Thus it is clear that this method of 
recording can employ only the recording 
currents that correspond to points on the 
line segment BF. The double ampli- 
tude of the maximum flux density that 
can be reproduced without high distor- 
tion is By». This is only half the am- 
plitude of the overload signal output. 
Therefore the conclusion: The maximum 
undistorted volume range of the mag- 
netic tape for this type of recording is 
at least six decibels less than the maxi- 
mum distorted range. This is an im- 
portant practical result which always 
has been found to be true. 


Demagnetization Erase; AC Bias Rec- 
ord. In the section on noise, it has 
been pointed out that demagnetized tape 
is 10 to 20 decibels less noisy than tape 
that has been saturated. Obviously it 
would be desirable to record on demag- 
netized tape. But if recording is done 
directly, without any biasing field, the 
reproduced signal is highly distorted. 
This is a natural consequence of the 
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hysteresis cycle through which a tape 
element goes. In Figure 11, the letters 
C, D, and E have the same significance 
as in Figure 8, that is, they represent the 
state of the tape element while between 
the recording polepieces, while away from 
the polepieces, and while between the re- 
producing polepieces, respectively. Since 
the magnetization characteristic of a 
permanent magnet material is strongly 
curved near the origin, the reproduced 
intensity of magnetization at E could 
not be expected to have a linear relation 
to the magnetizing field at C. Such a 
linear relation can be achieved by the use 
of a d-c biasing field that causes recording 
to be done on the straight portion of the 
magnetization curve. However, the field 
required is so high that it restores the 
noise level practically to the value char- 
acteristic of saturated tape. 

There is a method whereby the mag- 


Figure 12. Magnetic history of a tape element 


Demagnetization erase; a-c bias record 


netization curve can be _ effectively 
straightened out and distortionless re- 
cordings thereby made on demagnetized 
tape. This result, which is achieved by 
the simple expedient of superposing on 
the recording fields a moderate field of 
supersonic frequency, is now well known 
in the art and will not be gone into here.* 
For the present purposes, it is sufficient 
to observe that the effects of the a-c 
biasing field are properly deduced if it is 
thought of as simply eliminating the 


* Credit for the discovery of this recording method 
apparently belongs to W. L. Carlson and G. W. Car- 
penter, who filed a patent application on it in 1921 
(United States patent 1,640,881, issued on August 
30, 1927). The first commercial use of the method 
is believed to have been the audience-participation 
stereophonic recording display of the Bell System 
exhibit in the New York World’s Fair, 1939-40. 
Some new techniques for handling the high fre- 
quency erasing and biasing problems are disclosed 
in United States patent 2,235,132, issued to D. EB. 
Wooldridge on March 18, 1941. See also United 
States Patent 2,351,004, filed by Marvin Camras 
on December 22, 1941. 
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curvature of the magnetization charac- 
teristic through the origin. Figure 12 
shows the resulting hysteresis cycle 
through which an element of \tape is 
taken. The curved path CD, which 
varies with the recorded signal strength 
is a feature of the hysteresis cycle that is 
not present in the other method of re-: 
cording; it is conceivable that this 
might introduce nonlinearity in the rela- 
tion between the reproduced magnetiza- 
tion and the recording flux density. In 
actual practice, however, thisis found not ~ 
to be the case; high quality recordings 
are produced by this method. 

If the magnetization curve of Figure 12 
were perfectly straight up to the satura- 
tion value of J, where it overloaded 
sharply, the double amplitude of the 
maximum distortionless reproduced flux 
density would be 2B,” (see Figure 8). 
In such a case this method of recording 
would be capable of useful output levels 
six decibels higher than the method 
previously discussed. In practice the 
gradual nature of the overload reduces 
this gain to about four decibels. 

Let us now return to the problem of - 
calculating the level of the maximum 
useful signal that can be reproduced 
from the tape. Actually, let us deal 
with the saturation signal, from which we 
may deduce the maximum signal having 
comparatively low distortion. 

We may start with equation 10, which 
now becomes 


300 = 8.0 X10-# Sav” (11) 
SAT 

The problem now is to obtain a value for 
@,”, the maximum flux that enters the 
polepieces during the reproduction of an 
overload sine wave signal. 


Figure 13. Configuration of lines of force 


during reproduction 


Permeability of tape and polepieces >> 1. 
Intimate contact between tape and polepieces 
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a VALUATION OF ®, ba 


| Figure 13 shows Muatietecly ae con- 
‘figuration of the lines of force in the 
vicinity of the reproducing polepieces. 
_ Although a large part of the flux leaks 
out of the side of a polepiece, through the 
air to the other polepiece, and back to 
; the tape without linking the windings of 
4 the reproducing coils, this leakage is not 
shown on the drawing. Calculations of 
_ the reluctances of the leakage paths in- 
volved and search coil measurements 
agree in establishing that this leakage 
occurs well away from the pole tips, in a 
_ low reluctance portion of the magnetic 
_ circuit, and is properly taken account of 
by the factor of 0.4 that has been used in 
relating ®, and ®pzp. All reluctances 
that are important in determining the 
q amount of flux entering the polepieces 
_ are associated with the portion of the 
magnetic circuit shown on the figure. 
a The flux configuration depicted in 
_ Figure 13 is appropriate if the perme- 
ability of tape and polepieces is high and 
q if intimate contact exists between them. 
_ In such a-case, nearly all the flux enters 
the polepiece face, as shown. 
; The flux that passes into the polepieces 
“may be determined from simple magnetic 
circuit considerations to be 


Mele 


R (12) 


where H, is the value of H when B=0, 
which, for the pertinent hysteresis line 
BB” B’ (Figure 8), is simply the coercive 
force of the material; R is the reluctance 
of the complete magnetic circuit, includ- 
ing the tape, polepieces, and connecting 
yoke. 

The reluctance of the circuit was meas- 
ured directly. A single turn of fine wire 
was fitted snugly around the very tip of 

_ the polepiece lamination, and the voltage 
induced in it was measured when a small 
known 1,000-cycle current was sent 
through the 1,500-turn windings. A 
vicalloy tape that had been erased by 
saturation lay between the polepieces. 
In an obvious way the reluctance of the 
magnetic circuit was computed. Since 
there is no question that the reluctance 
of the circuit lies almost entirely in the 
pole tip tape region, both for this meas- 
urement and for the conditions during re- 
production of a signal, this measurement 
should yield a value of reluctance ap- 
proximately the same as that called for 
by equation 12. The measured value 
was 9.0 centimeter-gram-second units. 

Substitution of R=9.0 in equation 12, 
together with the measured coercive force 
of 250 oersteds and the tape thickness of 
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19: 0022 inch, gives eye 16 Beets 
_ This value of ® ‘3’, When set into equation 
11, predicts a 300-cycle-overload open- 
circuit reproduced signal of 1.31078 
volts. The value measured experimen- 
tally is 1.6X10-* volts. The discrepancy 
lies within experimental limits. 

Therefore it is possible to conclude that 
the reproduced signal levels are satisfac- 
torily accounted for by the simple theory 
that has been given, wherein a detailed 
study of the hysteresis “cycle through 
which a tape element travels has led to 
the conclusion that the maximum signal 
should be determined by the coercive force 
of the tape and the reluctance of the 
complete magnetic circuit. 

If the theory is to be wholly satisfac- 
tory, it must meet the need of the analy- 
sis of the frequency characteristics of 
noise and signal, wherein it was pointed 


out that the similarity of the curves 


seemed to require that the magnetization 
of the tape element should not increase 
by a very large factor as it comes be- 
tween the reproducing polepieces. The 
value of ®, that has just been deduced, 
0.16 maxwell, corresponds to a flux 
density of 180 gausses at the center of the 
polepieces, if g(x) is assumed to be a con- 
stant and the flux therefore leaves the 
tape in accordance with the f(x) shown 
in Figure 6. From the known relation 
between H and J, and therefore between 
B and J, given by the magnetic data 
that specify the hysteresis line BB’’ B’ of 
Figure 8 (H,=250 oersteds, Bg’=1,500 
gausses), this value of flux density can 
be computed to correspond to 


4rI pgp =400 gausses* 


The value before the tape element comes 
between the polepieces is 4a7=250 
gausses. Therefore the assumption that 
g(x) is constant leads to a result that is 
consistent with g(x) varying by less 
than a factor of two, from «=0 to x= © 
Replacement of the f(«) used in this cal- 
culation by f(x) g(x) for such a slowly 
varying g(x) results in a trivial increase 
in the derived Ippp (about six per cent). 
It is clear that the correct figure for 
4nI pep at the center of the polepiece 
is not greatly higher than the value that 
has been calculated above, and that g(x), 
as required by the frequency analysis, 
is such a slowly varying function that its 
replacement by a constant should produce 
only a slight change in the shape of the 
derived response characteristic. 


* Thus mu under the assumptions used. 
T. 


That is, the demagnetizing factor in the presence 
of the polepieces is half as great as for free tape 
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‘The aint as of picia levels is. nota 


complete without an inquiry into the 
reasonableness of the value of 9.0 centi-— 


meter-gram-second units that has been 
measured to be the reluctance of the mag- 
netic circuit. 


reluctance of the tape element itself. 
For the structures used, the polepiece- 
yoke reluctance is easily computed to 


have a value of about 0.2 centimeter- 


gram-second units. Use has been made 
already of the fact that this is a negligible 
part of the total reluctance. The re- 
luctance of the tape element cannot be 
accurately computed without a detailed 
knowledge of the flux configuration, but 
an upper limit can be set by assuming no 
bending of the flux between the pole- 
pieces. When the appropriate perme- 
ability value (obtained from measure- 
ments of Bg and H, for vicalloy) and 
dimensions are set in the obvious equa- 
tions, a maximum reluctance of 2.2 
centimeter-gram-second units is pre- 
dicted for the tape. Thus the computa- 
tions predict a reluctance for the mag- 
netic circuit of no more than 2.4 centi- 
meter-gram-second units, as contrasted 
with the value of 9.0 which was measured, 
and which properly accounts for the ob- 
served signal strength! 

It seems likely that the high reluctance 
of the circuit is caused by a region of low 
permeability at the tip of each polepiece. 
This may be thought of as introducing an 
effective air gap between each pole tip 
and the tape. The measured reluctance 
corresponds to a width of 0.0005 inch for 
each of these air gaps. The existence of 
an effective air gap of this order of 
magnitude between the surfaces of soft 
magnetic materials when pressed to- 
gether is a common phenomenon in mag- 
netics.© The effective air gap is at- 
tributed primarily to the pole tips and 
not to the tape because the reluctance of 
the circuit was found to be affected but 
slightly when the tape was removed and 
the pole tips allowed to touch one 
another. 


Practical Applications 


Up to this point the method of pro- 
cedure has been simply to subject some 
of the principal features of perpendicular 
magnetic tape recording to simple analysis 
in order to arrive at an improved under- 
standing of the physical processes in- 
volved. This section is devoted to a 
discussion of some of the practical im- 
plications of the results of the preceding 
two sections. 
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The reluctance of the cir- 
cuit is made up of two parts, that of the __ 
polepieces and connecting yoke, and the 
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REGION OF _ 
I: Low PERMEABILITY 


Figure 14. Action of wide offset polepieces 


Reluctance of region of low permeability is 

decreased by increased cross section of the Aux 

path. Region of influence is characteristic of 

the small overlap length and is not increased 
by wide polepieces 


INCREASED SIGNAL-TO-NOISE LEVEL 


If the conclusions reached in the first 
section are correct, a low noise level re- 
quires a tape material having a small 
magnetic domain size and/or a high 
degree of exactness in the mutual can- 
cellation of the domain fields. The 
present state of magnetic domain theory 
does not permit the correlation of tape 
noise with any measurable magnetic 
properties. Empirical experiments on 
various kinds of tape have revealed no 
such correlation. The only useful gen- 
eralization that can be drawn about tape 
noise is that demagnetized tape is 
always quieter than tape that has been 
saturated. 

From the second section of this paper, 
a high signal level should be produced by 
a tape having a high coercive force. 
This principle guided Bell Telephone 
Laboratories in the development of vic- 
alloy tape, which has a coercive force of 
200 to 250, compared with the value of 40 
or 50 characteristic of the chrome steel 
alloy formerly used. The signal output 
level is higher than that of the chrome 
steel tape, but the noise level is not en- 
hanced. When recording is done on 
demagnetized vicalloy tape by the method 
that employs a supersonic field superposed 
on the recording field to straighten out 
the magnetization characteristic, a vol- 
ume range (to overload) of 55 decibels is 
obtained. This signal-to-noise ratio is 
obtained in a system equalized from 100 
to 8,000 cycles, at a tape speed of 16 
inches per second. The equalization is 
done in the output circuit only. Under 
these circumstances the volume range is 
practically independent of frequency.* 


* This is a consequence of the similarity between 
the noise and signal frequency characteristics. 
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alloy but none better. 
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This combination of vicalloy tape and 
the superposed high frequency method of 
recording first was used commercially in 
the audience-participation stereophonic 
recording display of the Bell System ex- 
hibit in the New York World's) ‘Fair, 
1939-40. 


SIMPLIFIED AND IMPROVED POLEPIECE 
STRUCTURE : 


When it was discovered that the out- 
put signal level was being limited largely 
by a region of high reluctance in the tips 
of the polepieces, a search was instigated 
for polepiece material that would exhibit 
lower tip reluctance than the molyb- 
denum permalloy in use. The search 
succeeded in turning up a few other ma- 
terials as good as the molybdenum perm- 
The resultant 
directing of attention to other ways of de- 
creasing this reluctance led to the idea 
of replacing the thin exactly aligned pole- 
piece laminations by wide offset polepieces 
such as those pictured in Figure 14: The 
hope was that the region of influence of 
the polepieces would be controlled by the 
small overlap so that high frequency sensi- 
tivity would not be lost, but that the flux 
would be able to spread out in the region of 
low permeability, thus decreasing the re- 
luctance and increasing the output signal 
level. On Figure 15 are replotted from 
Figure 7 the output signals obtained from 
the usual record-reproduce unit, in which 
the magnetic part of the pole faces con- 
sists of a 0.0015 inch by 0.040 inch lami- 
nation. In addition are plotted measure- 
ments on a unit in which the polepieces 
consist of molybdenum permalloy rod 
0.041 inch by 0.040 inch, the leading 
edge of one polepiece being exactly op- 


corded levels t 
bergen See ae 


attributed to fhe ss decrease in 
pole tip reluctance. The shape of ‘the 
high frequency portion of the curve is 
somewhat different for the new unit, » 
but there is no evidence of an increase 
in the effective polepiece width. The 
upward bulge in the response of the new j 


unit at low frequency is caused by a longi - 


ieee 


which, for the polepiece inners ‘ised. . 
has a maximum at 200 cycles. This is all 
to the good, of course, since it reduces 
the amount of equalization needed. The 
position of this bulge is controlled by the 
width of the polepieces. This is the — 
principal reason for the use of pieces — 
0.041 inch wide. The over-all signal 
level and moderate-to-high frequency ; 
response are just as high for 0.020-inch — 
pieces, for example. 

The wide, offset polepieces are also 
more efficient on recording, about eight — 
decibels fewer ampere turns being re- 
quired to saturate the tape than with the 
old unit. Furthermore, the 0.041-inch 
tip is sturdy and self-supporting. Its 
use permits a much simpler and cheaper 
record-reproduce unit design than that 
associated with the thin laminations, 
which had to be incorporated in a sup- 
porting structure of bakelite and brass 
and provided with a fairly complicated 
framework containing guides and yokes. 
The mechanics of the thick polepiece 
structure also permit a coil design that 
recovers practically all of the reproduced 
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flux that in the older structures leaked 
out of the polepieces without linking the 
windings. This adds another eight deci-_ 
bels to the relative efficiency of the new 
unit. As a result of all these gains, the 
new unit has an over-all record-reproduce 
transfer loss twenty-six decibels fewer 
_ than that of the old unit at 1,000 cycles. 
The complete comparison of the ef- 
ficiencies of the two units is given in 
Figure 16. 

Figure 17 shows the record-reproduce 
unit used in the Western Electric Mirro- 
_ phone. The unit contains two pole- 

- piece-coil structures, one for erasing, 
the other for recording and reproducing. 


_ Summary 
g In the first section of this paper, it 
4 was shown that the shape of the noise 
i frequency distribution curve of both mag- 
_, netized and demagnetized tape can be 
_ semi-quantitatively accounted for if it is 

assumed that the noise is caused by many 
- random magnetic irregularities in the 
tape, of average dimension smaller than 
_ 0.0015 inch. An incidental result of the 
_ treatment was a derivation of the shape 
of the signal frequency response charac- 
teristic and an explanation of its similarity 
to the noise frequency distribution. 
Various possible sources of noise were 
examined. The only source found to be 
qualitatively and quantitatively accept- 
able consisted of statistical variations in 
the net flux entering the polepieces be- 
cause of the finite size of the magnetic 
domains of the tape material. 

In the section on signal levels, detailed 
consideration was given to the hysteresis 
processes through which an element of 
tape travels in the erase-record-reproduce 
cycle. Both the saturation erase d-c bias 


eed se wt = ‘ 

Pot en se 
record and the demagnetization erase 
a-c bias record systems were considered. 
It was shown that the latter system not 
only is less noisy than the former, but. 
also is capable of somewhat higher level 
high quality recordings. The magnitude 
of the overload signal was predicted in 
terms of the coercive force of the tape 
material and the reluctance of the mag- 
netic circuit. The signal level predic- 
tion was shown to be in satisfactory agree- 
ment with experiment. The measured 
reluctance of the magnetic circuit was 
found to be so high that it required the 
existence of an effective air gap of about 
0.0005 inch between each pole tip and the 
tape surface, 

In the last section of the paper, it was 
shown how the search for a tape ma- 


terial having the characteristics that the © 


theory indicated should give a high sig- 
nal output, resulted in the development 
by the Bell Telephone Laboratories mag- 
netic and metallurgical groups of a vic- 
alloy tape having a markedly higher 
signal-to-noise ratio than had previously 
been obtainable. Attempts to diminish 
the pole tip reluctance that had been 
concluded to be a limiting factor in out- 
put signal strength were shown to have 
led to the development of a new type of 
record-reproduce unit with an improved 
frequency response, increased efficiency, 
and greatly simplified design. By acom- 
bination of vicalloy tape, the superposed 
high frequency method of recording, and 
the new unit design, high quality record- 
ings equalized from 100 to 8,000 cycles 
with a useful volume range of more than 
50 decibels can be made. A tape speed 
of only 16 inches per second is required, 
and the erase-record-reproduce unit com- 
bines simplicity of construction with low 
transfer loss. 
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Figure 16. Com- 
parison of over-all 
record-reproduce ef- 
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Figure 17. 
reproduce unit used 
Mirrophone 


Illustration of erase-record- 
in Western Electric 


Tape guides and dust cover removed 


Appendix |. Frequency 
Distribution of Noise PowerCaused 
by Random Small-Voltage Pulses 


The Fourier expansion of the e(t) of 
equation 2 over a time interval T which in- 
cludes the pulse in question is 


= 2rmt 
e(t)= >> Bmsin (72 +40) (13) 
m=1 ap 
where 
Byn=2KMnxX10-8- 
are ah 2, 
hs i hil dx (14) 
To free st teen Le 


In equation 13 the phase ®,, depends on the 
position of the pulse in the time interval 
chosen for the expansion. Extension of 
the limits of integration to © is permis- 
sible since the integral is zero outside of the 
small interval occupied by the pulse. 

The power developed in the frequency 
range Av by the combined effects of NV 
voltage pulses, such as the above scattered 
at random throughout every time interval 
T (large compared with the pulse duration), 
is 


m2 


Paar=s)) Megs (15) 


where the reproducing coil circuit is assumed 
to havea resistance R for all frequencies, and 


the range m:.—m, is related to Av through 
the equation 


M2— My A 
= Ap 
If 


(16) 


En? is the mean square noise voltage at 
frequency m/T and is 


Em?=1/2NBm? (17) 
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In equation 17 the 1/2 is caused by the usual 
relation between average power and voltage 
amplitude. NB,? is the square of the 
amplitude of the noise voltage of frequency 
m/T, caused by N voltage pulses of identical 
size and shape scattered at random through- 
out the interval. (In the case of random 
phases of the elementary pulses, the squares 
of the amplitude add directly.) Combina- 
tions of equations 14, 15, 16, and 17 give, 
for the noise power in the range dy at 
frequency », 


P,(v)dv= eee M? (2) S(v)2dv 


R 
(18) 
where 
eye eas (19) 
Dx; é 
Appendix Il. Frequency 


Response Characteristic of Tape 
Recording 


The problem to be considered is the 
following: For a given sine wave intensity 
of magnetization on the tape ‘before it 
passes between the reproducing polepieces, 
how does the mean square reproduced signal 
power depend upon frequency? 

At any instant the flux that enters the 
polepieces from an element of tape of 
length dx a distance x from the center line 
of the polepieces is 


d@ = Kd Mf (x) (20) 


where dM represents the magnetic moment 
of the specified element of tape and the other 
quantities have the same meaning as in 
equation 1. For dM we may write 


aM =ahI(x)dx (21) 


where a=tape thickness (0.0022 inch), h= 
polepiece height (0.040 inch), and J(x)= 
intensity of magnetization of the tape a 
distance x from the center line of the pole- 
pieces. J(x), in turn, may be expressed as 


I(x) =g(x)I,sin = (x — Vt) (22) 


where J, sin am (e— Vt) describes the 


variation with x and ¢ of the magnetization 
that would exist if the reproducing pole- 
pieces were removed from the tape, while 
g(x) is the factor by which the remanent 
magnetization of the free tape is multiplied 
by the partial removal of the strong de- 
magnetizing field brought about by the 
proximity of the reproducing polepieces.* 


* The hysteresis processes involved are discussed in 
the section on signal levels. - 
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Equations 20, 21, and 22 give 


+00 2 
b=Kahl, f(x)e(x) sin = (x—Vi)dx 
Employment of the conditions f(+) g(+) 


=f(—x) g(—x) and f()g (~) =0 permits 
simplification to 


® idk KahI, sin 2rvtT(v) (24) 
2Qarv 
where 
+00 D) 
Tt) = weet ht ene aS 
dx V 


The reproduced signal power is 


1 (KnX10-8)? 


Pv) =5 R (Igah)?V?T(v)? (26) 


Appendix Ill. Tape Noise Caused 
by Saturated Domains of Random 
Orientation 


The calculation must start with an 
evaluation of the constant K, of equation 
18. K is the amount of flux that links 
the windings of the reproducing coils 
because of an element of unit magnetic 
moment lying directly between the pole- 
pieces. For the magnetic structures used 
in these tests, only about 40 per cent of the 
flux that entered the poletips succeeded in 
linking the windings. The exact value of 
the flux that enters the polepieces because 
of a magnetized region between them de- 
pends in a complicated way on the depth of 
the region in the tape and on the magnetic 
and geometric properties of the tape-pole- 
piece structure. However, the correct 
answer can be shown to lie within a factor 


of three or four of 4% . This is accurate 
a 


enough for the purpose at hand. Thus 


4m 4 
25a a (27) 


For evaluating S(v)?, the f(x) of Figure 
6 may be used. A graphical integration 
gives 


5,000 cycles 
wh S(v)*dv=5,500 sec“! (28) 
to) 


Wooldridge— Magnetic Tape Recording 


\ 


Therefore, from equations 18, 27, and 28, 


5,000 cycles 
Ey?=R of Py(v)dy 
0 


M? (N 
=1.76X10-"n? aa (7) 


where Ey? is the mean square open-circuit 
noise voltage, measured in a circuit cover- 
ing the frequency range 0-5,000 cycles, and 
M, a, and T are in centimeter-gram-second 
units. For the reproducing coils used, n= 
1,500 turns, whereas the tape thickness was 
about 0.005 centimeter. Therefore equa- 
tion 29 becomes 


N 
Ey’= 1s8i(2) volt? 


Both M and N/T depend on the domain 
size. If we consider it to have a volume v, 


(30) 


M=vgar 


where Jgar is the saturation intensity of 
magnetization of the tape. For the ma- 
terials used, Bsar~~15,000 gausses, or Igat 
-~~1,000 centimeter-gram-second units. 
M~vX1,000 (31) 


For the number of domains per second that 
pass by the polepieces, 


@)-% 


Substitution of the values V =16 inches per 
second, 4=0.040 inch, a=0.002 inch, gives 


N 0.021 3 —1 

(7)- em? sec (32) 
f © v 

Equations 30, 31, and 32 give 

Ey?=3.3 X10‘ volt? (33) 
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ays, ee EAD Ronditions and power 
_ swings has been heightened in recent years 
by the construction of longer transmis- 
sion lines and by the transmission of 
larger amounts of energy over existing 
lines. : 
_ Several recent papers':> have de- 
scribed the inadequacy of the impedance- 
and reactance-type directional distance 
_ relays to fulfill this need without the ad- 
dition of auxiliary operating units. 


__ tional sources of trouble, increase the need 
for maintenance, and make the mainte- 


the use of a relay which measures a con- 
stant component of admittance for pro- 
_ viding this discrimination, in addition to 
|, Providing correct directional action and 
“accurate distance measurement, all in 
one unit.4 This characteristic has been 
| named a mho characteristic. ; 
Figure 2, which has been taken from 
their paper, illustrates how a relay at A, 
-_ with a mho characteristic set to protect 
90 per cent of the line to B, will operate 
over a smaller band of power swing con- 
ditions than the impedance or reactance- 
type relays. The line AB is the locus of 
impedance seen by the relay for metallic 
faults along the line. The mho distance 
relay operates for impedances within its 
circle. The impedance-type relay oper- 
ates for impedances which lie within its 
circle of constant impedance and which 
are above and to the right of the straight- 
line characteristic of the directional ele- 
ment. The reactance-type relay operates 
‘for impedances which lie below its con- 
stant reactance locus and which are 
within the circular characteristic of the 
starting unit. It has been shown that a 
relay with the mho characteristic will pro- 
vide instantaneous tripping during a 
power swing only if the electrical center 
of the system is within the section of the 
line protected by the relay and only if the 
voltages at the ends of the section become 
approximately 90 degrees out of phase. 


d A. R. van C. Warrington have described 


+ 


il 2 To — arene 


Paper 46-39, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
winter convention, New York, N. Y., January 
21-25, 1946. Manuscript submitted November 23, 
1945; made available for printing December 18, 
1945. 
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_ Auxiliary units always: introduce addi- 


Such a condition usually indicates loss of 
synchronism, and it is usually desirable 


to sever the system at its electrical 
center. 


It is the purpose of this paper to de- 
scribe a 3-step distance relay operating on 
the mho principle. It has three inde- 
pendent units, each capable of providing 
a complete mho characteristic, thus ap- 
proaching the ultimate in relaying sim- 
plicity—one contact in the trip circuit, 
Three mho distance relays (type GCY), 
with an auxiliary timing relay, provide 
3-step distance phase protection to one 
terminal of 3-phase line. This relay also 
can be used as part of a distance pilot 
catrier-current relaying terminal. 

Every high-speed distance relay has a 
tendency to trip on faults beyond its 
ohmic setting when the fault current has 
a large d-c offset. The induction cylinder- 
type mho relay has reduced this transient 
overreach to a few per cent, even for 
highly lagging transmission line circuits. 

Another unique characteristic of the 
mho unit is its ‘‘memory action,” which 
provides a strong polarizing flux for even 
a zero voltage fault. This condition 
causes the relay to operate fastest for 
nearby faults. 


Arrangement 


The general arrangement is shown in 
Figure 3, and the ohmic characteristics 
in Figure 4A. Each mho distance relay 
has three units providing 3-step direc- 
tional distance protection for faults be- 
tween two phases of a 3-phase line. 

The first or instantaneous tripping 
zone is provided by the M, unit, which is 
usually set to operate for faults within 
the first 90 per cent of the protected sec- 
tion AB. The M, unit operates through 
contacts with a slight time delay to clear 
faults in the neighborhood of the next bus 
at B. The conventional third zone, pro- 
viding time delay backup for faults be- 
yond B, is provided by the offset mho 
unit, OM;. The offset, resulting in an 
ohmic characteristic which encircles the 
origin, provides a strong steady torque 
for faults in the vicinity of the relay bus. 
As a by-product, it provides time delay 
backup for nearby faults in the reverse 
direction. It can be used with no offset 
if desired. 

It is possible to reverse the polarity of 
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nis a . ae * , 
Sal , fos wy : 

Nee ee bone 2 aN el ire. 
»- the om; Fingered) olitad he reversed. OM, 
: ‘connection shown in Figure 4B. This pro- 


Vee 


vides time delay backup: forfaults between — ae 


A and the bus behind it at D. Themerits — ee: 
of the reversed OM; connection are dis- ares 
cussed in a companion paper.5 We ie 

One mho distance relay of drawout con- Wet 4 , 
‘struction which affords ease of mainte- pe 
nance and testing is illustrated in Bigiee 1; “sae & 
The relay occupies approximately 6 by 
20 inches of panel space. am eee 

Three mho distance relays combine with fi a hy 
a common timing relay to give directional | ‘a 
distance protection from one end of a 2 
3-phase line.. An elementary diagram for = 
the relays at one terminal is shown in S 
Figure 5. For clarity, the d-c connec- Ke 4 
tions to two of the mho distance relays bigs 
are indicated by light lines because they nt 


parallel the connections of the thirdrelay. = 


Figure 1. 


The mho distance relay 
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DIRECTIONAL 


Figure 2. Impedance diagram _ illustrating 

tripping zones for impedance, reactance, and 

mho-type directional distance relays at A set 
to protect 90 per cent of the line AB 


TRIP 
*RECEIVER RELAY IF USED WITH CARRIER 


Figure 3. Fundamental trip circuit 


The seal-in unit in each mho distance re- 
lay gives a target indication to show which 
phases are affected, while the targets 
mounted in the timing relay indicate 
which distance zone has operated. 


Construction of the Mho Units 


The mechanical construction of the mho 
unit is shownin Figure 6. Four laminated 
poles encircle a stationary core or inner 
stator with a small annular air gap be- 
tween. Within the annular gap there 
turns an aluminum induction cylinder sup- 
porting a lightweight moving contact 
structure. The contacts are fine silver 
cylinders at right angles to provide the 
ideal point contact and are protected 
from excessive pressures by means of a 
clutch. This clutch is adjusted by means 
of a helical spring on the rotating shaft. 
The lead-in spiral for the contacts acts as 
a light control spring to give the contacts 
a positive position when the relay is de- 
energized. A lower jewel bearing with a 
highly polished pivot at the bottom of the 
shaft and a highly polished guide pin 
engaging a phosphor bronze bushing in 
the top of the shaft reduce friction to an 
almost imperceptible amount. 

The arrangement of the coils on a unit 
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- from double current windings, providing 


flux proportional to the difference of the 
currents in the two phases involved. 


This condition provides the same reach 


for 3-phase, phase-to-phase, or double 
phase-to-ground faults. ! 
The two side poles carry the polarizing 
windings, which are tuned by the capaci- 
tor C, to have a slightly leading current. 
This condition causes the natural fre- 
quency of the polarizing circuit to be very 
close to 60 cycles. Therefore, when the 
terminal voltage drops to almost zero dur- 


‘ing bus faults, the polarizing flux con- 


tinues for a period long enough to cause 
most rapid operation of the unit. See 
Figures 13, 14, and 15. 

Figure 8 illustrates a cathode-ray os- 
cilloscope screen with a recurrent sweep 
showing the current in the polarizing 
coils before and during a zero-voltage 
fault. The accuracy required of the M; 
unit during transient conditions makes the 
tuning of this circuit critical, so that the . 
tuning reactor X2 is used in this unit only. 
In the past, memory action has been in- 
corporated into units which had a pri- 
marily directional function. For this pur- 
pose, phase resonance’ was used and 
proved satisfactory, but to obtain ac- 
curate distance measurement also, it 
is necessary to tune to*period resonance. 
Tuning a circuit for phase resonance pro- 
duces current at unity power factor, 
which is the condition generally con- 
sidered as resonance. Tuning for period 
resonance produces a circuit whose nat- 
ural frequency is equal to the frequency 
of the applied voltage. When resistance 
is present, there is a difference between 
these two types of tuning. 

Returning to Figure 7A, the restrain- 
ing flux in the rear pole is supplied by two 
coils on the rear of the magnetic structure. 
The size of the ohmic characteristic is 
adjusted by means of taps on an auto- 
transformer, The resistor R, is provided 
for a factory adjustment of the maximum 
restraint setting. The capacitor C, pro- 
vides a certain amount of memory action 
to the restraining circuit of the M, unit 
to aid in preventing false operation of the 
unit during transient conditions at the 
inception of a fault, either caused by un- 
symmetrical currents or the result of 
mechanical rebound caused by spring in 
the lightweight rotating structure upon a 
sudden loss of restraining torque. 

The current coils for providing operat- 
ing flux to the front pole are wound on 
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are such that tuning 


at 75 degrees and natu 
cycles occur at the same pi 
the flux shifting coils are 
for the 75-degree setting. 
the flux shifting coils in 
two other values of the angle of r 
torque, 60 degrees and 45 degrees. Us 
capacitive circuits to complete the cir- 
cuit in the M, unit aids in reducing tran-_ 
sient operating torques caused by d-c — 
components in the current waves. The © 
angle of maximum torque of the M;, unit | 
is selected by means of leads on a connec- ~ 
tion block. : 

The connections of Figure 7A for the — 
M, unit are schematic in that the circuit 
of the flux shifting coils is completed 
permanently through R, instead of being 
brought out to a connection block. Ad- 


Figure 4 


A. Typical setting of mho distance relay for 
conventional 3-step protection 

B. Typical setting of mho distance relay using 
the reversed OM; connection 
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GCY- $23 


GCY- $23 


TRIPPING DI 


OF GCY RELAY 


(A) 


TO TRIP ALARM 
ON RECLOSING 


CIRCUIT 


justment of the R, will provide a continu- 
ous range from 60 degrees to 75 degrees 
for the angle of maximum torque. 

The restraining torque of the M, and 
M, units is given by the expression K;Zp,1 
Erest, Where K, includes the sine of the 
angle between the two fluxes and the 
restraint transformer tap setting. The 
operating torque expression is K2HpoxJ cos 
(@—6), where 6 is the phase angle of the 
relay characteristic, depending upon the 
phase angle of the polarizing circuit and 
the phase shift of the operating flux by 
the flux shifting circuit, and @ is the 
phase angle of the fault current 
(I=I,—Iz). Therefore the relay torques 
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AUXILIARY C.T.S. WHEN USED, TO 
REDUCE MINIMUM OHMIC SETTING 


connections for one 
3-phase terminal 


A. A-c circuits 
B. D-ccircuits 


M,=mho unit, first 
zone 
M.=mho unit, sec- 

~~ ond zone 
OM;=offset mho 
unit, third zone 
TR-P=transactor pri- 
mary 
TR-S =transactor sec- 
ondary 
S.I.=seal-in unit 


CURRENT Ra sar. 
GCY-$12 6cy-¢3! T.U. = timing ; relay 
OM3 Mo M; M, Moa OM5 ' operating circuit 


Tz=zone 2 contact 


of T.U, 

Gcy-$l2 Ts=zone 3 contact 
M,; Ma OM3 of T.U. 
TGT=target 


TB=relay for block- 


ing instantaneous re- 


delay trip. Omit TB 
if this Feature is not 
required, and con- 
nect lower terminals 
of all three targets 
a=auxiliary switch 
closed when breaker 
is closed 


are balanced when E,,, (I cos (¢—@) — 
(Ki/K2)Erest) =0. Epox can be cancelled 
out of the preceding equation because it 
is not zero, even for zero voltage faults, 
because of memory action, leaving 


Exest ae Ke 


I cos (¢—8) es 
At the angle of maximum torque, ¢=@ 
and Erest/l 2 Z=Ki/Ke. 

With the closest manufacturing toler- 
ances attainable, it is impossible to elim- 
inate very minor mechanical, and conse- 
quently magnetic, dissymmetries from the 
unit. These introduce spurious torques 
proportional to the current squared 
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Be NE ge gee 4 
Figure 5. Ele- 
mentary diagram of 


closing after time 


A. A single mho unit 


B. Exploded view of mho unit 


Figure 6 


which become strong enough under short- 
circuit conditions of high current and low 
voltage to overcome the torques produced 
by interaction with the polarizing flux. 
These torques are reduced to negli- 
gible magnitudes by two means. The cur- 
rent coils are connected in parallel in 
order that the induced voltages in each 
of a pair of windings will be as nearly 
equal as possible, thereby producing equal 
fluxes. Any further adjustment that is 
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necessary is made by a slight shift in the 
position of the inner stator by means of 
a fine screw shown at the rear of the unit 
in Figure 6B. 

The operating unit of OM; is identical. 
with the M, unit. In order to produce the 
offset characteristic shown in Figure 4, a 
transactor is used as shown in Figure 7B. 
Transactor is the name that has been 
given to a reactor which has a secondary 
winding for a voltage several times that 
corresponding to the impedance drop pro- 
duced in the transactor’s primary wind- 
ing, without increasing the burden. 

The transactor in the OM; unit has 
double current winding, as does the 
operating unit, so that the voltage induced 
in its secondary winding is proportional to 
I=I,—I, and leads I by 90 degrees. By 
connecting the proper amount of resist- 
ance R, across the transactor’s secondary 
winding, the secondary voltage can be 
made to lead the primary current, J, by 
75 degrees. The addition of this second- 
’ ary voltage from the transactor in series 
with the potential transformer secondary 
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Figure 7 


A. Diagrammatic wiring of Mi and Mz units 
B. Diagrammatic wiring of OMs unit 
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Figure 8. Current in polarizing winding of 
M; unit during zero-voltage fault 


voltage, which is applied to the relay 
terminals, results in a shift of the unit’s 
ohmic circle so that it no longer passes 
through the origin. This shift, or offset, 
is a distance corresponding to (transactor 
secondary voltage)/(Ii—I,) ohms at a 
75-degree phase angle. 

Adjustment of R, can be made to cause 
the offset to be along any angle between 
75 degrees and 60 degrees to match the 
angular setting of the operating unit. 
The magnitude of the offset is governed 
by taps on the transactor secondary 
winding. 


Characteristics 


Each unit has been designed to meet 
the requirements of its use in either a 
purely distance relaying scheme or a di- 
rectional carrier current scheme. 

The M, unit is purely a directional 
distance unit. It has been designed to 
operate for faults out to 90 per cent of 
the line section and for swing conditions 
which cause the voltages near the two 
ends of its protected section to be 90 
degrees out of phase. It is provided with 
connections for setting the angle of maxi- 
mum torque on 75 degrees, 60 degrees, or 
45 degrees. In order to operate properly 
in the presence of resistance added by 
arcing faults (Figure 9) it is expected 
that the 60-degree setting will be used 
most frequently. This setting is dis- 
cussed more fully in a companion paper.® 
The 75-degree setting is intended for 
longer lines, the 45-degree setting for 
short lines. 

The plotted points shown in Figure 4A 
illustrate the negligible deviation of the 
operating characteristics of the units in a 
typical relay from the theoretical mho 
circle, when rated voltage is applied. 
This circular characteristic is a result of 
the steady torque produced in an induc- 
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fiiecee 3 are Beit ON pena ye 
do not produce a true circle, thi ddi a y 
difficulty to the calculation of setti gs for 
obtaining accurate relaying during f ‘power 
swings. ane | 

As is common with distance relays, the 
accuracy falls off at low values of current 
(and voltage). Figure 10 shows that the 
contacts of an M, or M, unit will close 


under steady state conditions for any fault 
in the correct direction from zero ohms 
up to the setting of the unit, so long as { 
the current is greater than the vicinity 
of seven amperes. At two amperes the — 
contacts will fail to remain closed under | 
steady state conditions for faults within 
the first five per cent or the last five per _ 
cent of the relay’s setting. That is, the 
ohmic circle maintains a constant center, 
but becomes smaller. This change = 
curs because the torques caused by the 
control spring and friction are no longer® 
negligible with respect to the electrical — ; 
torques in the unit. 

The curve in Figure 10 is valid for an 
M, or an M, unit on its minimum distance © 
setting. For other settings the accuracy — 
is approximately the same for the same 
value of relay voltage. 

Figure 10 represents accuracy under 
steady state conditions. With a rapid — 
seal-in unit, the tripping area for fault — 
conditions will be expanded by contact — 
closure caused by transient torques. For 
faults at the relay bus, the memory action — 
produces a strong torque in the correct — 
direction for currents down to five am- 
peres. For faults a short distance be- 
yond the setting of the M, unit, its con- 
tacts may close because of a phenomenon 
known as transient overreach. For this 
reason the M;, unit is set to cover 90 per 
cent of the line section under steady state 
conditions, allowing ten per cent for such 
errors. The minimum reach of the M, 
unit for faults near the end of its setting 
is as shown in Figure 10, but the maximum 
reach will be approximately ten per cent 
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Figure 9. Effect of arcing fault 
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_ ‘more. 
in this paper. 
_ The M; unit has correct directional dis- 
‘crimination for currents as low as 1.5 
amperes at one volt and operates cor- 
_ rectly for a period long enough to cause 
_ tripping when necessary for currents as 
__ lowas five amperes on zero-voltage faults. 


- 


4 Figure 10. Steady state accuracy of M,; and 
:- M, units 
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is 60 degrees 


(e} 40 80 120 


INSTANT OF INCIDENCE OF FAULT- ELECTRICAL 
DEGREES OF VOLTAGE WAVE 


160 200 


TRANSIENT OVERREACH 
PERCENT OF RELAY SETTING 


Figure 12. Variation of transient over- 
reach in M, unit with instant of incidence of 
fault 


The very small amount of transient 
overreach for this type of unit has been 
obtained at the sacrifice of some speed. 
Operating times of the M, unit are shown 
in Figure 13. 

The M, unit is used with a short time 
delay in the timing relay to give the 
second zone of a distance relay setting, or 
it can be used as the directional relay to 
cause tripping in a carrier current relay- 
ing system. A large amount of transient 
overreach can be tolerated for either of 
these functions. Speed is important for 
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See “Transient Overreach”. later , 


240 


the second function. Therefore the 
operating times have been made as short 
as possible (Figure 14), disregarding the 
transient overreach. The accuracy under 
steady conditions is the same as that of 
the M; unit, as well as the memory action 
at zero voltage. 

If the OM; unit were used without using 
the transactor to obtain offset, it would 
operate exactly like an M2 unit. In addi- 
tion to the transactor, it has had a nor- 
mally closed contact added. 


Actual curves for the conditions not il- 
lustrated would show faster operating 


times. * 


The OM; unit’s setting for the data 
shown in Figure 15 was three ohms with 
l-ohm offset. This means that the 
ohmic circle has a diameter of three ohms, 
offset one ohm from the origin. There- 
fore the reach is two ohms in the unit’s 
forward direction and one ohm in the off- 
set direction. 

The effect of the offsetting transactor 
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The OM; unit is designed for use as a 
time-delay backup unit, for which ac- 
curacy is not important, and for use as a 
fault detector to start the carrier signal 
when carrier-current relaying is used. For 
this latter function, speed is very im- 
portant. The normally closed contacts 
open in one-half of a cycle (60-cycle basis) 
for most fault conditions. In order to 
maintain them in their open position 
after the initial torque has disappeared 
for bus faults, it is necessary to use some 
offset. 

Figure 15 shows typical operating times 
for the OM; unit. There are other con- 
ditions of distance setting and ohmic off- 
set, but these same curves are approxi- 
mately correct for the other conditions. 
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Figure 13 


A. Operating times of M,; unit with 3-ohm 
setting 

B. Operating times of M, unit 

Solid line—6-ohm setting 

Broken line—12-ohm setting 


is to introduce an operating torque pro- 
portional to the square of the current. 
In the offset direction, this J? torque has 
to overcome the torque caused by mem- 
ory action, resulting in the increased 
operating times for faults in this direction. 
For this reason, it is necessary to use the 
reversed OM; connection whenever the 
OM; unit is used for starting a carrier- 
current signal. 


TRANSACTIONS 357 


9 
[a) 
pales eal i A 
ms; 
rif a eS 
i Gmeer dba 
OCT) pees em ae ea a an 
pay ty my - |10 AMPERES 
& fer 2 0 = 
ee ) 20 40 60 - 80 
J ss FAULT IMPEDANCE — PER CENT OF RELAY SETTING 
Es w Cy) 
~~ 2 60 
oe e 
me) 3 } 
J 


OPERATING 
n 
Lo) 


Soieer ces eae 
‘Wala 


fait RY 
re 
ae 10 AMPERES 
0 8 


= 
en 
= ee el ee | 
ata eereice 
0 
0 te) 40 6 
(8) 


Figure 14 (above) 


B. Operating times of Me unit 
Solid line—6-ohm setting 
Broken line—12-ohm setting 


Figure 15 (right) 


A. Average operating times of OMs unit with 3-ohm setting, 


zero offset 


B. Average operating times of OMs unit with 3-ohm setting, 


1-ohm offset 


C. Operating times of OMs unit at ten amperes with 3-ohm 


setting, 1-ohm offset 


Transient Overreach 


The transient overreach of the M, unit 
mentioned under ‘‘Characteristics’”’ is 
caused by transient conditions at the in- 
ception of a fault. These transient con- 
ditions may produce torque in the con- 
tact-opening direction, which will result 
in long operating times for faults within 
the setting of the unit. When the tran- 
sient torque is in the contact-closing di- 
rection, the operating time is fast, and 
the contacts will close momentarily for 
faults a short distance beyond the setting 
of the relay. 

The transients have been minimized 
in the potential circuits by the use of 
tuned circuits. The transients in the cur- 
rent circuit have been reduced for the 
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FAULT IMPEDANCE — PER CENT OF RELAY SETTING 


OPERATING TIME — MILLISECONDS 


A. Operating times of Me unit with 3-ohm setting 


80 40 
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PER CENT OF OFFSET OHMS PER CENT OF RELAY REACH 
FAULT IMPEDANCE 
(c) 


60-degree setting by the use of a capaci- 
tive flux shifting circuit, This reduction 
is illustrated by the small amount of over- 
reach for the 60-degree setting in Figure 
I 

Maximum transient overreach coin- 
cides with maximum d-c offset in the 
current wave. Thus in Figure 11, the 
higher the phase angle of the system, the 
greater the possible overreach, Figure 12 
shows that for each half-cycle, faults ini- 
tiated during the period which yields 
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maximum d-c offset are most subject to 
overreaching. 

This d-c offset can become quite large. 
For example, the equation for the short- 
circuit current of a fault occurring at the 
instant which produces the maximum d-c 
offset can be written 


gaT(e F/M wt — 695 wt) 


where J is the peak value of steady state 
current and the shunt capacitance is 
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: Y Hote a 60- -cycle system. mies 
atio R/wL produces an 80-degree phase 
angle, this fault must occur at an instant 
corresponding to ten degrees before the 


becomes 
i =I (€—§-5t — cos 3771) 


“a 
The first current maximum occurs at 


2 1.58!. 
~ Good current transformers reproduce 
" transients accurately during the first half 
cycle so that this maximum value is 
transmitted to the relay. Some types of 
_ distance relays have operating forces pro- 
portional to the square of the current, 
_ thereby multiplying the transient operat- 
_ ing force by a factor of 2.5 without a com- 
4 pensating increase in the restraining force. 
: _ Ad-c offset in the current wave of such 
i ‘magnitude can introduce additional errors 
when an impedance characteristic is offset 
_ into a mho characteristic by using the cur- 


rent to reduce the restraining force. 


- Ratings 


The relay is rated for 115 volts and 5 
amperes. In order to achieve the utmost 
teliability, the mho unit was designed to 
have the greatest possible torque. Not 

_ only was memory action employed, but 
the input to the relay is as high as thermal 
conditions will permit. 

The maximum burdens for a practical 

- setting of the mho distance relays at one 
terminal for 5 amperes and 115 volts are 
approximately 40 watts per phase at 95 
per cent lagging power factor in the po- 
tential circuits, and 17 volt-amperes per 
phase at 60 per cent lagging power factor 
in the current circuits. 

The basic ohmic setting of the three 
units, M;, Ms, and OMsg, is 3 to 30 ohms 
phase to neutral at the relay terminals, 
Where shorter settings are required, 
auxiliary current transformers with a tap 

- providing a three-to-one or a two-to-one 
ratio are used to obtain ranges of 1.0 to 
10 or 1.5 to 15 ohms respectively. This 
enables the relays to be readily inter- 
changeable and at the same time permits 
a high setting of restraining torque on all 
relays and the utilization of the maximum 
torque permitted by thermal limits. The 
connections to these auxiliary current 
transfornfers are shown in Figure 5, 

The current sensitivity decreases in di- 
rect proportion to the ratio of the auxiliary 
current transformer. For this reason the 
relay is not applicable to short lines with 
small short-circuit currents. All char- 
acteristics have been presented for the 
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 zeto of the voltage wave, and the current 


_ 0.0081 second and has a magnitude of * 


realy without the auxiliary current radia 
formers. — 

The ohmic Oise ‘of the OM, unit can 
be set for zero, one, two, three, or four 
ohms, phase to neutral. 
auxiliary current transformers are used, 


| these values are reduced to 0, 0. 33, 0.67, 


1.0, or 1.33 for the 1.0- to 10-ohm range, 
Ofs0 SOLO; O meds ee to 15- 
ohm range. 

Although the relay is designed prin- 
cipally for angular settings of 60 degrees 
for the M; unit and 75 degrees for the My 
and OM; units, provisions have been 
made for setting the M, unit on 75 degrees 
or 45 degrees, and the M, and OM; units 
along with the transactor between 60 
degrees and 75 degrees. Changes in the 
angular setting change the ohmic ranges 
of the units, with the minimum values as 
illustrated in Table I, the maximum re- 
maining at ten times the minimum. 


Application Limits 


There are two limitations on the ap- 
plicability of the mho distance relay. On 
systems where a fault near the end of the 
M;, unit’s setting can result in a small 
value of current, the unit will be slow, or 
possibly fail to operate and delay tripping 
until the time for the second zone. On 
very short lines, there is a possibility that 
the resistance added by arcing faults will 
place the impedance, measured by the 
relay for a fault which is actually in zone 
one, to be outside the zone-two setting of 
the relay. These limitations are discussed 
in a companion paper.® 


In some cases, the M, unit can be set 
on 45 degrees to allow for the effect of arc 
resistance. If this is done on a system 
whose phase angle under fault conditions 
is greater than 70 degrees, the transient 
overreach of the M, unit requires that it 
be set to protect less than 90 per cent of 
the line section. 


Setting of the GCY Relay 


The angular setting of the My, unit is 
by means of leads on a connection block 
as illustrated in Figure 7A. If the 
angular settings of M: and OM; are to 
be changed, they must be changed by 
test. 


The procedure for setting the diameters 
of the ohmic circles is the same as the 
one which has been in use for the well 
established type GCX reactance relay. 
The output tap settings of the two auto- 
transformers shown in Figure 7 are chosen 
according to the following formula (the 
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When the 


M, and M, units use the same trans- 
former): 


‘Percentage output tap setting 
_lunit’s minimum ohms X 100° 


desired ohms 
d, 
The ohmic offset of the OM; unit can 


be adjusted by means of a lead on another 


connection block. The ohmic reach has 
to be increased by an amount equal to 
the ohmic offset to obtain the ‘desired 
ohms’”’ in the formula. 


Out-of-Step Blocking 


As can be seen from Figure 4A, when _ 


the OM; unit is set to include the Mz 
unit’s setting, it will pick up on power 
swings before the M2 unit. This char- 


Table 1. Change in Minimum Ohmic 
Setting at 115 Volts Versus Change in 
Angular Setting of Unit 


Minimum Ohmic Setting 


Angular Setting My M: and OM; 
LD Sina ciao al severeeere 2.23-2.44..... 2.94-3.06 
OS cistataretele asniatare iareleisslelenerersvaretars 2,.82-2.97 
GB eco niayive wo eiaiateate shots ceteleie nersieazs 2.64-2.87 
COR oia ts oe 2.94-3.06..... 2.37-2.78 
B5oL. Adsl ctee ete 2.10-2.20 


acteristic can be utilized to recognize an 
out-of-step condition by the addition of 
a time delay relay such as TB in Figure 5. 
If the OM; unit operates at least four 
cycles, for example, before the M2 unit, 
TB operates and can be used to open the 
tripping circuit. However, the mho unit’s 
inherent characteristic of tripping at the 
electrical center of the system usually 
makes it advantageous to permit tripping 
and to use TB to prevent automatic re- 
closure after tripping caused by out-of- 
step conditions. 


Conclusions 


1. <A high-speed directional distance relay 
has been designed using a unit of the induc- 
tion cylinder type so that it has an inherent 
directional characteristic and distance meas- 
uring accuracy, permitting one contact to 
protect 90 per cent of a line section. 


2. A modification permitting transient 
overreach provides speed acceptable for 
use as a directional relay in carrier-current 
application. 

8. The use of a transactor provides a quasi- 
impedance unit suitbale for starting a car- 
rier signal and providing time delay backup 
protection. 

4, A combination of the three units with a 
timing relay provides 3-step distance pro- 
tection. 
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Synopsis: The experience of the Public 
Service Company of Northern Illinois with 
metal-clad switchgear has been outstanding, 
both from the standpoint of reliability of 
operation and safety to personnel, two of the 
principal objectives sought by the engineers 
of the company when they pioneered this 
type of equipment. This equipment has 
been applicable not only to the voltage 
classes up to and including 15,000 volts, 
but also in the 33,000-volt class, of which 
the company has seven major installations 
which have been in service from 18 to 16 
years. This report of experience with 33-kv 
metal-clad switchgear is offered as proof 
that development and use should be re- 
sumed and continued in what is undoubtedly 
a fertile field for the application of principles 
which are now generally accepted. It is 
not a detailed discussion of the design and 
construction of metal-clad equipment, but 
rather a factual record of progress already 
made and proved by 13 years of operating 
experience. Conclusions drawn from this 
report are that the main objectives sought 
after in the development of metal-clad type 
of switchgear have been obtained satis- 
factorily. Experience has demonstrated 


clearly its outstanding operating reliability 


as compared with the conventional open 
type, and its perfect safety record for oper- 
ating and maintenance personnel has been 
made possible by the inherent safety fea- 
tures which are practical only in metal-clad 
equipment. If these and other factors 
which cannot be evaluated precisely are 
taken into consideration and if the further 
exploitation in the post-war period of 
materials and methods developed during the 
war is kept in mind, it would appear that 
there is no question about the continued de- 
velopment of metal-clad type of switchgear 
in all voltage classes. Repetitive manufac- 
turing, standardization, and prefabrication 
are some of the most potent means of com- 


bating the continually rising cost of elec- 
trical station and substation installations. 
The electrical equipment manufacturers are 
applying these principles to a growing extent 
and are promoting their use throughout the 
industry. The principles, of course, are 
not new, the present movement being 
directed mainly toward a more intensive 
and wide-spread application. Neither the 
manufacturer nor the utilities can afford to 
neglect any application of these principles 
that can be justified economically. 


N the initial use of metal-clad equip- 

ment, the engineers of the Public 
Service Company of Northern Illinois 
had certain definite objectives in view. 
Subsequent operating experience has 
shown that very substantial advances had 
been made toward these objectives be- 
fore progress was interrupted about 1931 
by economic conditions. This experience 
indicates that development and use of 
this equipment should be extended to 
higher voltages. 

The outstanding characteristics of the 
installations of all voltages made by the 
Public Service Company of Northern 
Illinois were complete enclosure in metal, 
maximum practical factory assembly, 
and the filling of all space in the enclos- 
ing structure with an insulating medium 
other than air. Various terms were 
applied to such equipment, the one in 
most general use being ‘‘metal-clad gear.”’ 
The equipment of this nature now being 
manufactured and used is enclosed in 
metal and factory assembled but, with 


5. The unit which causes instantaneous 
tripping for faults in the first zone can pro- 
vide correct tripping during out-of-step 
conditions on most systems without auxil- 
iary blocking relays. 
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gear 


designated by 
“‘metal-clad.’ 
maximum factory asser 
mental, but the filling or 
housing can be considere 
sign keeping in view the ot jer 


Objectives 


advantages to be obtained from met 
4 . Pe , ‘) eae. 
clad construction are Safety, R 


tained without the third; the third cz ae 
not be obtained without the first two. 
Safety of personnel is fundamental and — 
needs no explanation. 
Reliability can be considered as the — 
quality of being available at all times for 
the service for which it was designed and © 
rendering that service continually. 
Economy is more involved than the 
other two main objectives and includes ; 
both, because no installation can be 
truly economical if it is not safe and re- — 
liable. Safety and reliability in them- : 
selves, however, are of sufficient impor- — 
tance to warrant special consideration. © 
They do have a very real and substantial 
monetary worth, but it is impractical to j 
assign a definite dollar value to it. 
Economy, therefore, is considered herein 
as the actual dollar expenditure in render- 
ing service from a given installation. 
To obtain fair comparisons, economy 
must include the following cost factors: 


1. First cost (manufacturer’s cost to user). 


2. Engineering, supervision, and overhead | 
(user’s). 


3. Installation and transportation. 
Maintenance and repair. 
Operation. 

Durability (life expectancy). 


Space occupancy and appearance. 


DOD SD eae ae 


Salvage value. 


History and Progress 


For the purpose of determining what 
progress has been made in the attainment 
of the objectives, we can consider the 
history of the 33-kv installations as a 
group in reference to each objective. 


———————____ 
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There can be no doubt that working 


conditions are immeasurably safer on all 


_ tional 
safety factor is self-evident when it is 
considered that all current-carrying parts 


of these installations than on conven- 
open-type installations. The 


are enclosed in grounded metal and inter- 


locks provided to prevent wrong opera- 


tions and exposure of energized parts. 
Interlocking on metal-clad gear is en- 
tirely practical to an extent beyond 
possibility on open-type. 

The prevention of inadvertent contact 
with energized parts can be accepted on 
the basis of the design. The proof, how- 
ever, is negative because incidents oc- 
curring while working on metal-clad 
equipment, which would have caused 
an accident if the equipment had been 
open-type, are not recorded for the simple 
reason that there was no accident. An 
example of this is shown in the routine 
maintenance work of painting. Since 
1928 there have been two accidents on 33- 
kv open-type structures, one resulting ina 
fatality and the other in an injury, 
definitely attributable to painting. These 
accidents could not have happened on 
metal-clad equipment. There is no rec- 
ord, of course, of painting in the wrong 
place on metal-clad because it can be 
painted while energized. 

Since 1928, when the first 33-kv metal- 
clad gear was installed, to date there 
have been no accidents caused by in- 
advertent contact with energized equip- 
ment. This is also true of the lower 
voltage equipment, of which there are 
many installations on the system of the 
Public Service Company of Northern 
Illinois. Only one accident resulting in 
injury was recorded in this period. This 
accident was caused by burning oil from 
a ruptured box housing an oil-immersed 
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Figure 1. 


Typical 33-kv open-type structure 


This shows installation used for cost com- 
Parison 


disconnect switch. The switch blade fell 
into a ground clip because of the failure 
of an operating rod in one of the earliest 
installations. The failure definitely was 
caused by a defect in design which has 
been corrected. 

During the same period, thtee fatalities 
and four injuries have occurred on open- 
type 33-kv equipment, all of which, ex- 
cept two of the injury cases, were caused 
by contact with energized conductors. 
One of the latter resulted from the failure 
of a bushing, and the other was the result 
of falling porcelain from an insulator 
which had failed mechanically. 

Experience has shown that the metal- 
clad installations have a distinct ad- 
vantage in reduction of nonelectrical 
accidents also, mainly by the elimina- 
tion of the necessity of temporary staging 
and ladders or the climbing of compli- 
cated structures. When necessary, per- 
manent ladders, platforms, and railings 
are provided easily. 


RELIABILITY 

The same major characteristic which 
provides safety in metal-clad gear, that is, 
the enclosure of all current carrying 
parts, also gives it an inherent quality of 
reliability, since it excludes practically 
all foreign elements which interfere with 
normal operation, such as weather, ani- 
mals, birds, deleterious gases, dirt, and 
solid objects. There is no need to cite 
the instances of outage or damage to 
open-type equipment from these causes; 
they are all too familiar. Two outstand- 
ing examples might be mentioned, how- 
ever. One metal-clad installation is im- 
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mediately adjacent to a railroad right- 
of-way, and, in addition to normal heavy 
traffic, locomotives stand for extended 
periods oh a side track within 20 feet of 
the structure, which is sometimes ob- 
scured in smoke. It is doubtful if an 
open-type installation could be kept in 
service at this location. Just recently 
the Public Service Company of Northern _ 
Illinois was forced to remove an open- 
type 33-kv switching structure on ac- 
count of many insulator flashovers caused. 


‘by contamination of the air by an in- 


dustrial plant one-fourth of a mile dis- 
tant. It might be well to mention birds: 
particularly, which are a source of trouble 
and expense in open steel structures. 
They build nests in enclosed structures 
also, but there they are merely an an- 
noyance and not a hazard to service. 


All of the 33-kv metal-clad installa- 
tions made by the Public Service Com- 
pany of Northern Illinois are still in 
operation and giving reliable service. 
There were, of course, operating difficul- 
ties at the start which are to be expected 
in any newly designed equipment, par- 
ticularly in a radical departure such as 
33-kv metal-clad was at that time. 


ELECTRICAL DIFFICULTIES 


The most serious of the problems arose 
in connection with the shell bushings 
which were mounted over openings in the 
bottom of the metal boxes or housing of 
the gear and served as the sockets for 
plugging in the oil circuit breaker. Thus, 
the inside surface of the shell itself was 
exposed to air while the outside was ex- 
posed to the oil in the box or compart- 
ment. The first 33-kv gear was installed 
in April 1928, and the first failure of a 
shell bushing occurred in March 1929 
with others following. The fact that the 
failures usually occurred during a rising 
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atmospheric temperature or high hu- 
midity indicated that condensation on 
the surface of the shell bushings in the cir- 
cular space between the shell and the 
breaker bushing was a contributing 
factor. This condensation was pro- 
nounced because the temperature of the 
mass of the gear lagged behind the rising 
ambient temperature. -In’some of the in- 
stallations, the lower end of the shell 
bushing orifice was not closed entirely 
when the breaker was in place. In the 
other installations, the orifice was closed 
by a soft gasket on the base of the breaker 
bushing when the breaker was raised to 
operating position. As the shells which 
were open at the bottom gave by far the 
most trouble, it was supposed at first that 
dirt on the surface combined with the 
moisture from condensation was the cause 
of flashover, and a cleaning program was 
instituted. 

It soon was noted that severe corona 
discharges were taking place within shells 
previous to failure, even to the extent of 
being audible and visible. It also was 
noted that these discharges started very 
soon after cleaning in some cases, particu- 
larly during a rapid rise in atmospheric 
temperature. 

Investigation and tests were continued 
and led to certain conclusions. The bush- 
ings, although open to the air (breathing 
occurred through the gaskets even in 
those closed at the bottom), were not ex- 
posed to the cleaning action of the ele- 
ments as were ordinary outdoor bushings. 
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Figure 2. Metal-clad installation used for 
cost comparison 


This condition was conducive to corona 
and surface leakage from the energized 
metal parts at the top and the formation 
of nitric acid when condensation supplied 
the water. Conducting paths thus were 
established, and the process was cumula- 
tive until breakdown occurred over the 
surface of the porcelain. A contributing 


‘factor was metal salts from the corrosion 


of caps and contacts at the top of the 
shell. As the deposits on the porcelain 
did not yield readily to ordinary cleaning, 
special methods involving the use of 
carbon tetrachloride, alcohol, and certain 
dilute acids were tried. 

Actual failure from this cause occurred 
at the original installation only, although 
corona discharge was observed at other 
locations. The cleaning program pre- 
vented the discharges from extending to 
the point of failure. 

The bushing assemblies in the various 
makes of switchgear differed considerably 
in detail, and these were studied further 
in an attempt to eliminate or at least 
reduce the cleaning required. 

As mentioned before, it was assumed 
at first that the closing of the shells at 
the bottom would eliminate or at least 
materially reduce the trouble, and this 
was the first step taken. The manu- 
facturer was reluctant but later agreed, 
and that change was completed on the 
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first installation about September 1930. 

The closing of the bottom of the shells, 
of course, was a question of exclusion of 
deposits from the atmosphere, and leav- 
ing them open was to allow circulation of 
air to reduce condensation. Neither re- 
sult was accomplished, however. It was 
impractical to seal the opening tight 
enough to prevent breathing; and, al- 
though actual dirt might be excluded, air 
usually contains certain acids such as sul- 
phur dioxide, particularly in cities or in- 
dustrial centers. The circulation of air 
in the bushings left open was practically 
nil, as the only opening was at the bottom, 
and this was very restricted. Some shells 
are still open, others closed. 

This all indicated that the opening or 
closing of the shell opening was not the 
answer to the problem. Accelerated 
time tests in the laboratory indicated all 
shells were subject to the formation of 
nitric acid and metallic salts from the 
slight corrosion of the metal parts at the 
top. To prevent the corrosion, lead gas- 
kets were eliminated and plating of cop- 
per parts experimented with. Chrome 
plating was tried but was not en- 
tirely satisfactory, owing to the difficulty 
of getting a perfect homogeneous coating 
on the odd-shaped parts. Tinning all 
but contact surfaces, which were silvered, 
finally was adopted for the installations 
giving the most trouble. There still re- 
mained some defective porcelain in one 
installation and the short leakage dis- 
tance and inability to clean entirely at 
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another. These shells all were replaced 
finally with smooth instead of corrugated 
porcelain and redesigned contacts and 
corona shields. 

While the changes stated have not 
eliminated the problem, they have pro- 
vided shells with better characteristics 
and have lengthened the interval be- 
tween cleanings. At present all 33-kv 
shells are cleaned each fall and spring 
with a weak solution of muriatic acid 
followed by thorough washing with a 
cleaning compound. This program has 
been followed for the past ten years with 
no further trouble. 

Other than the shell bushings, only one 
electrical weakness affecting reliability 
developed. This also was in the first 
installation and resulted in two cases 
of bus failure to ground. The bus in all 
the installations is copper tubing insu- 
lated with machine-wound impregnated 
paper or fabric and supported at intervals 
centrally in an outer copper pipe by 
spools of insulating material. The space 
in the outer pipe around the conductor is 
filled with oil. The spools at first were 
turned from a laminous material of 
pressed paper; later spools were of porce- 
lain or paper wound directly on the con- 
ductor insulation. The first theory was 
that minute drops of water from conden- 
sation had collected at the bottom of the 
bus pipe under the spool, concentrating 
theelectrical stresses and forming creepage 
paths that resulted in final failure. The 
manufacturer recommended circulating 
the oil and heating at intervals to remove 
moisture, and this was done for a* short 
period. The process was rather expen- 
sive and critical, however, as it was 
necessary'to maintain the oil temperature 
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Figure 3. First installation of 33-kv metal- 
clad switchgear, showing overhanging remov- 
able potential transformers 


within rather close limits, that is, high 
enough to remove moisture but not high 
enough to cause sludging. After the 
second failure, notice was taken of the 
fact that although the spools were in 
halves held around the conductor by 
cord, the failure was not at the junction 
of the halves but directly through the 
spool and parallel to the laminations 
where they were radial. As previously 
stated, these spools were turned from a 
laminated material. This indicated that 
creepage started between the laminations, 
and the spools were replaced with a non- 
laminated material. There have been no 
failures since, and circulation of oil was 
discontinued. 

It should be noted that neither of these 
failures caused any damage beyond a 
small hole in the insulation and outer 
copper tube and loss of oil in one bus sec- 
tion. There was no fire in either case. 
The failure was direct to ground. The 
bus was protected by bus fault relays. 

The only actual failure since the early 
ones mentioned occurred in 1939, and the 
indications were that it originated with 
the oil circuit-breaker bushing. In this 
respect the failure was similar to those 
occurring in open-type gear. As the 
breaker was mounted in metal-clad gear, 
however, the effects must be noted. The 
failure was in the annular space between 
the oil circuit-breaker bushing and the 
shell on the bus side of a line position. 
Both shell and bushing were fused and 
burned, severely, typical of an external 


Kreger—Metal-Clad Unit-Type Switchgear 


flashover. The shell was cracked severely 
but remained in place. The cracking, 
however, permitted oil to flow into the 
annular air space between bushing and 
shell, where it was ignited by the arc and 
blown out of the shell orifice at the bot- 
tom across the top of the breaker, form- 
ing an external oil fire which continued 


‘after the arc was extinguished. Since 


the oil burned as it flowed down the wall 
of the inspection bay before it was ex- 
tinguished by the gravel bed at the 
ground level, the fire was more spectacu- 
lar than damaging. The loss was limited 
to the breaker bushing, the porcelain 
shell, the escaped oil, and scorched paint. 
There was no internal damage to the 
gear or breaker. 

The weather was clear, warm, and dry, 
which eliminated excessive condensation 
as a contributing factor as in the earlier 
troubles. 

It was difficult to determine definitely 
whether the failure originated across the 
shell or the bushing. There was some evi- 
dence of a very slight oil leak at the top 
of the shell through a defective gasket 
which formed an oil film on the surface of 
the shell to which air-borne particles 
might have adhered and gradually de- 
creased the creepage distance to ground. 
On the other hand, the particular type of 
bushing used had been the source of 
trouble in open-type equipment. The 
pertinent question for this discussion, 
however, is whether the failure was the 
result of or indicated. any inherent weak- 
ness in the basic hypothesis of the type 
ofinstallation. Neither the faulty gasket 
nor the faulty bushing would indicate 
this. They were both representative of 
the occasional freaks encountered at 
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times in any type of construction. Pre- 
ventive measures against recurrence are 
the same in this case as for conventional 
open-type equipment, that is, greater 
care in fabrication, inspection, and testing 
and faster relaying to limit fault duration. 

It also should be noted that only 
features peculiar to the type of installa- 
tion are considered here. For example, 
there were certain troubles with oil cir- 
cuit breakers, but these were of the type 
common to both metal-clad and open- 
type construction. 


MECHANICAL DIFFICULTIES 


Early experience with the first installa- 
tions naturally disclosed certain mechani- 
cal features which were undesirable or 
troublesome. None of these was an in- 
surmountable difficulty, nor did the 
remedy force any basic changes in design. 

Soon after the first installation was 
made, some shell bushings developed cir- 
cumferential cracks at or close to the 
upper edge of the bottom metal mounting 
ring which was cemented to the outside 
of the porcelain. This had no bearing 
on the electrical failures and was purely a 
mechanical problem. The metal mount- 
ing flange and cement, of course, were on 
the outside (oil side) of the shell, so the 
ring gasket was placed under the lower 
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edge of the porcelain. As the bolt circle © 
was outside of this gasket, a cantilever 
strain was imposed on the porcelain 
which was enhanced by slight inequality - 
in tightening the bolts. A very slight 
shock or misalignment at the top of the 
shell then could easily cause the crack. 
The condition was remedied in the new 
shells by making the relation between the 
lower edge of the porcelain and the 
mounting surface such that there was 
metal-to-metal contact between the 
mounting flange and the mounting sur- 
face. This equalized and limited the 
strain on the porcelain. This condition 
existed at certain installations only, as 
the shells in the other installations were 
mounted with the flange below the mount- 
ing plate. 

The only mechanical failure that was at 
all serious in its results was the breakage 
of the operating rod on an oil-immersed 
disconnect switch mentioned previously. 
As stated, this was remedied by proper 
design. 

Some difficulty. was encountered at 
first in preventing leakage of oil. The 
various boxes and enclosures in the first 


Figure 4. Installation of 33-kv metal-clad 
switchgear with main and transfer bus 
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installation were of adeds steel pl 
with flat covers and flat cork gaskets. it 
was soon evident that these gaskets, if 
not confined, would spread and set, per- 
mitting seepage of oil. Further tighten- 
ing of bolts was only a temporary cure 
and soon reached its limit. After trials 
of other gaskets, it was found that a cork 
gasket confined in a groove and com- 
pressed by a tongue gave satisfactory 
results, and gaskets in later gear were so 
designed. To change the original flat 
gaskets to the confined type, however, 
was impractical and further trials were 
made ending in the use of a cork or other 
soft gasket with a thin soft metal sheath. 
The original gear was equipped with this 
type several years ago, and oil leaks and 
seepage have ceased. There was also 
some oil seepage through welds on boxes. 
and directly through the metal of cast 
boxes used on the later installations. 
Tinning of the inside of welds and the 
inner surface of cast boxes prevented this. 
seepage. Improved welding and the use 
of different material for cast boxes made 
tinning unnecessary. This matter of oil 
leaks and seepage is largely a question of 
appearance, as in no case was it sufficient 
to reduce the amount of oil in the gear to 
any appreciable extent over a very con- 
siderable period. 
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The availability factor of reliability is 


- influenced materially by ordinary routine 
_ maintenance requirements. In open- 


type installations, it is necessary to take 


out of service major portions or even an 
entire structure for such work as cleaning 
or replacement of insulators, painting, 


and lubrication of moving parts. Fre- 


quently busses or lines not being worked 


_ on must be de-energized to provide proper 


safe working clearances. This class of 


_ mnaintenance, with the exception of the 


semiannual washing of shell bushings 
mentioned previously, requires no outage 
_ of metal-clad equipment. Even an out- 
age for cleaning is reduced to only the 
particular line or bay directly concerned. 


Economy 


First Cost. First cost, of course, is a 
_ manufacturing problem involving design, 

fabrication, and assembly. This factory 
assembly is of major importance. It in- 
creases first cost of metal-clad above 
equipment for a comparative open-type 
installation but reduces field installation 
costs, and we are considering over-all 
economy, as mentioned before. The 
seven installations made by the Public 
Service Company of Northern Illinois 
covered a period of only about three 
years and were fabricated by three differ- 
ent manufacturers. Naturally, first cost 
was somewhat high because of develop- 
ment charges and because effort was con- 
centrated on design for safety and reli- 
ability rather than cost of manufacture. 
There was considerable variation also in 
price among different manufacturers and 
among different installations by the same 
manufacturer because there was no back- 
ground of experience on which to base 
manufacturing costs. 

Each of the installations made was an 
individual development and did not 
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approach even the first phase of being ona 
production basis. Two manufacturers 
built two installations each and one manu- 
facturer built three, and naturally any 


part or feature developed for the first 


was used wherever possible in the second. 
This possibility was exceedingly limited, 
however, owing to changes in detail de- 
sign. There were only two major changes 
in design made during the period which 
might affect first cost. One was the 
manner of connecting and mounting 
potential transformers, and the other was 
the use of cast boxes or compartments in 
place of welded plate. In the original 
installation, connection boxes overhung 
the structure and were provided with shell 
bushings permitting the potential trans- 
formers to be raised into place or lowered 
the same as the oil circuit breakers by 
means of a special traveling elevator on 
the structure. In all subsequent instal- 
lations, the potential transformers were 
connected solidly and mounted in boxes 
as an integral part of the gear with an 
arrangement for replacing fuses. This 
eliminated many shells and bushings as 
well as an elevator. The use of cast 
boxes not only affected the cost of the 
boxes themselves but provided round 
cover flanges and covers into which it was 
cheaper to machine grooves for confined 
gaskets. 

A major factor in the cost of any in- 
stallation is the bus and switching ar- 
rangement. Two common variations are 
complete double bus with two oil circuit 
breakers per circuit and main and trans- 
fer bus with one circuit breaker per cir- 


Figure 5. One of the later installations in a 
residential district 


Ornamental brick wall enclosing property is 
shown 
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cuit. In the latter a breaker is usually 


provided for energizing the transfer bus 
from the main bus with section breakers 
or disconnect switches in the main bus on 
each side of this feed to permit taking 
part of the bus out of service for main- 
tenance or keeping part in service in case 
of bus failure. é 

The first installation was a double bus 
arrangement, however; only one circuit 
breaker was provided for each of two 
transformer circuits. This possibility of 
reducing cost and still retaining the ad- 
vantage of a double bus because the 
breakers were movable from one bus 
position to another, a condition which 
does not exist in conventional open-type 
construction. — 

The installation which followed was a — 
main and transfer bus arrangement. 
There were two reasons for this: first, 
the available space was limited in width, 
and only one breaker per bay resulted in a 
narrower structure; second, it provided. 
a practical trial of that particular bus and. 
switching arrangement as applied to that. 
type of equipment. This required the: 
development and use of enclosed oil- 
immersed disconnect switches, which 
present certain problems. While this. 
arrangement reduced the cost per bay, 
the total cost was not reduced materially 
because of the provision of two bus section. 
breakers and the transfer bus feed 
breaker. As equivalent operating facili- 
ties at little additional cost could be pro-- 
vided by a double bus arrangement with 
only one breaker per circuit in some cases, 
all subsequent installations were built 
according to this arrangement. The 
moving of a breaker of any line or trans- 
former position by means of the motor- 
driven elevator from one bus to the other’ 
is comparable to the operating of discon 
nect switches for connecting a line or 
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arily considered as prelim 
determination of necessity, number, ca- 
pacity, and location of lines, feeders, and 


equipment, can be considered as equalin — 


cost for both types of equipment if we 


forget for the moment an advantage of 


metal-clad equipment in the matter of 


ie location. What might be termed con- 
struction engineering follows. 
-open-type installation, this consists of 


For an 


considering, specifying, counting, order- 
ing, listing, and delivering to the job 
various pieces of major equipment and 


innumerable items for connecting and 


equipment the user need specify but one > 


mounting. Construction specifications 


and many drawings must be prepared for 


the assembly of all these parts into a 
satisfactory structure. For metal-clad 


piece of equipment, and very few draw- 


- ings are needed for installation, thus re- 


ducing his engineering costs materially. 

It is true that much of the user’s 
engineering cost is transferred to the 
manufacturer and must be included in 
first cost because the manufacturer must 
design and assemble the various parts of 
the unit. These costs should be con- 
siderably less, however, when this work is 
done by the manufacturer because he is 
designing and assembling many units, 
while the user must design each unit for 
himself. Factory assembly is inherently 
cheaper than field assembly for several 
reasons, freedom from weather inter- 
ference being one. 


This, of course, assumes a certain de- 
gree of standardization, and metal-clad 
equipment lends itself to this stand- 
ardization to a far greater extent than 
open-type. Standardization in  con- 
ventional design more usually is limited 
to component parts. 


Installation. Field installation is where 
metal-clad equipment must show the 
greatest reduction in cost as compared 
with open-type. Again consider the in- 
numerable small pieces of an open-type 
structure which must be assembled piece- 
meal contrasted with the very few large 
parts of metal-clad. Here again design 
plays a major role. 

When the first installation was pur- 
chased, the goal of unit assembly was in 
the minds of those concerned. Experi- 
ence had been had with lower voltage 
gear, and design changes had brought 
this to the point where even complete bus 
sections were shipped and installed as a 
unit. At that time, to assemble even 
one bay of a 33-kv structure into a single 
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‘The engineering ‘onde ; 
liminary, such as_ 


tnstallatin, w ir 
fer bus arrangement, to be asse nble 
‘the factory and shipped in » 
bay as were all subsequent : 


The component parts as shipped from the eles 


factory were the main bay assembly 
(containing busses, instrument trans- 
formers, cable terminals for outgoing cir- 
cuits, and all connections), the supporting 


columns on which the bay assembly was 
_ mounted, the circuit breakers, and the 


traveling elevator for raising and lowering 
breakers. 

The next installation having a double 
bus was shipped assembled, and the com- 
plete cost of installation per bay was 
slightly under 25 per cent of the cost of 
the first installation. 

Transportation of large pieces in car- 
load lots from one point of shipment is 
more economical than many pieces from 
many different points for equal distances 
and total weight. Note also must be 
taken of the increased cost of following 
and co-ordinating the receipt of numer- 
ous items of equipment required for an 
open-type structure as compared with 
factory-assembled units. 

An element of cost exists in many in- 
stallations which does not appear in the 
cost records. This is elapsed time as dis- 
tinct from man-hours. There frequently 
is a very definite saving in meeting a 
service date or a definite loss in not doing 
so which is distinct from the actual dollar 
cost of the installation. Metal-clad 
equipment has a definite advantage 
here which will be enhanced by more ex- 
tensive use and standardization. 

As an indication of what was done and 
what experience was obtained, some of 
the design features which made unit 
assembly possible should be mentioned. 
The unit-type principle must be in mind at 
all times in design. Considerable study 
was required so to design the various 
boxes. and compartments comprising 
the main section as to permit an arrange- 
ment compact and rigid enough to make 


shipment by rail practical. These assem- 


‘blies or units were shipped complete and | 


filled with oil. The breakers were 
shipped separately, as they would be re- 
moved from their operating position in 
any case for test and inspection before 
being placed in service. 
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place and brought to term inals for 
nection to the wiring from the & 
board. : 
Maintenance and Repair. _Mainte- et 
nance and repair were discussed under 
the preceding subjects of safety and re- 
liability, and the same factors in metal- 
clad equipment which increase safety 
and reliability over that of open-type de-_ 
crease the direct cost of maintenance and 
repair. Practically all ordinary routine © 
maintenance such as painting, cleaning, 
and lubricating, can be performed on 
metal-clad without removing any part 
from service. This is seldom true on 
open-type, and for this reason much of 
this work is done at night or on Sundays — 
or holidays when lighter load conditions _ 
are such that equipment can be taken out 
of service. This involves overtime which 
greatly increases the cost. 
Repairs are necessary as a result of 
failure, deterioration, or wear. It is 
obvious that cost of repair decreases in 
proportion to increase of reliability. 


Operation. If the presence of oper- 
ators is required at a given substation, 
these costs will be equal for both types of 
installations. Metal-clad equipment, 
however, is more adaptable to control 
from remote points because of the absence 
of open disconnect switches and complete 
protection from interference by the ele- 
ments. 


Durability. The life expectancy of 
metal-clad equipment is: much greater 
than open-type. The only part exposed 
to the weather is the enclosing metal 
structure. Organic insulation, if used on 
conductors, is not even exposed to the air. 
All of the 33-kv gear installed by the 
Public Service Company of Northern 
Illinois is oil-filled and equipped with 
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conservator tanks similar to those com- 


monly used on transformers. Experience 

‘has shown that oil deterioration is not a 
problem, as practically all of the original 
oil is still in service in the gear. There 
has been no filtering or treatment of any 
_ of this oil except that following the failure 
of the bus insulators mentioned previ- 
ously, and as stated, that was unneces- 
sary. This of course refers only to the oil 
used primarily as an insulating and filling 
medium in the various bus tubes and con- 
nection compartments. This oil is far 
less subject to factors causing deteriora- 
tion than oil as ordinarily used in trans- 
formers or circuit breakers. 

After from 13 to 16 years of service, all 
seven installations can be considered 
practically in the same condition as when 
new. 


Space Occupancy and Appearance. 
Here again metal-clad has a very definite 
advantage, and if space is at a premium, 
the savings could be considerable. One 
of the installations, for example, could 
not have been made at its present loca- 
tion as an open-type structure. It was 
an old substation site very close to the 
center of town, bounded on one side by a 
steam railway and on the other by an 
electric railway. An open-type 33-kv 
structure would have required a new loca- 
tion at some distance, involving large 
costs for new property and building and 
also new transmission and distribution 
facilities. 

At one location two metal-clad bays 
were added as an extension to an existing 
open-type structure and afford a striking 
comparison. The bays in the open 
structure occupy 729 square feet each, 
while the bays in the metal-clad structure 
occupy 605 square feet each, a saving of 
about 17 per cent. The height of the 
open structure is exactly 27 feet; that of 
the metal-clad is exactly 22 feet. This is 
not the entire story, however, as there 
are open disconnects and wiring on the 
outside of the open structure which re- 
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Figure 6. One of the later installations, show- 
ing method of enclosing transformer connec- 
tions 


quire proper clearance and operating 
space. At one of the installations, there 
are six double bus bays and an inspection 
bay, and the structure from the center 
line to the center line of columns is 
exactly 90 feet long by 20 feet 8 inches 
wide. An enclosing fence placed three 
feet from the center line of columns would 
give ample space for all operation and in- 
spection. (It could be on the columns if 
necessary.) Using the 3-foot space, 
however, gives an enclosed area of ex- 
actly 96 feet by 26 feet 8 inches, or 
2,560 square feet. An open structure for 
controlling the same number of circuits 
would be exactly 108 feet long by 
exactly 36 feet wide based on the bay size 
of existing structures, and an enclosing 
fence should be at least ten feet from the 
center line of columns (usually it is more). 
This gives an enclosed area of 7,168 
square feet, 2.8 times that required for 
metal-clad including the inspection bay. 

Appearance has a definite economic 
value in public relations and also an 
indirect value similar to the space factor 
by permitting installations at locations 
where an open structure would be ob- 
jected to by adjacent property owners. 
A metal-clad structure does not have the 
raw and unfinished appearance of an open 
structure, and if necessary can be 
camouflaged much more easily by archi- 
tectural features or landscaping. 


Salvage Value. Substation and 
equipment replacements in a_ great 
majority of cases are required by in- 
adequate capacity because of load and 
system growth or changes. Retirement 
charges are high unless equipment for 
which the duty has become too great 
can be reused where the demand is 
smaller. This involves removal and re- 
installation, and with an open-type 
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structure, the same factors which cause 
high labor costs in installation also 
cause high cost of removal. An open- 
type structure must be dismantled com- 
pletely to be relocated; and while the 
major items of equipment can be moved 
without loss, there is usually considerable 
retirement in connection with such items 
as structure, conductors, supports, con- 
trol conduit, and wiring. A wunit-type 
installation is moved in complete units as 
at first installed, with no retirement of 
material or equipment as far as the struc- 
ture itself is concerned. The retirement 
of connecting cables and foundations 
would obtain in either case. 


Comparison of Costs. A detailed 
study of the actual installed costs of one 
of the metal-clad installations and a com- 
parable contemporary open-type struc- 
ture gives the following percentage costs 
for the metal-clad, the cost of each item 
of conventional open-type being con- 
sidered as 100 per cent: 


Material cost per bay 145.4% 
Labor cost per bay (including 

engineering) 62.6% 
Foundations per bay 60.6% 
Total installed cost 131.5% 


This comparison is made on the actual 
dollar expenditure only and includes only 
the first three factors of over-all economy 
heretofore mentioned. Any reasonable 
evaluation of the remaining factors 
should more than offset the additional 
dollar cost of the metal-clad installation. 
In addition it must receive a very sub- 
stantial credit for the high degree of 
safety and reliability in order to arrive at 
true over-all economy. 


Future Development 


In the foregoing discussion, the diffi- 
culties and faults of the present 33-kv 
metal-clad installations are covered in 
some detail in order to show that these 
difficulties and faults were overcome and 
eliminated. There is some accent on the 
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original installation because it was the 
first developed and furnished the experi- 
ence for improvements in those which 
followed. The possibilities for further 
improvement, however, are by no means 


exhausted, particularly in the field of — 


economy. 

In future design the possibility of 
eliminating all shell bushings should be 
considered. All present installations are 
atranged with what might be termed re- 
movable or plug-in circuit breakers with 
a rather expensive motor-operated car- 
riage elevator for raising, lowering, and 
moving them to an enclosed bay at the 
end of the structure. It is questionable 
if this is necessary. If the breakers are 
underhung as an integral part of the 
structure with a device for lowering tanks 
_ only, practically all maintenance and re- 
pairs could be accomplished. The gear 
structure would afford far more protec- 
tion from the weather than is obtained 
for breakers in open structures unless 
temporary enclosures are built. If neces- 
sary, it would be a relatively small matter 
to provide a temporary enclosure on the 
sides of a metal-clad structure. If de- 
sired, this enclosure might be made 
permanent and enclose the entire lower 
part of the structure. This also will 
eliminate the inspection bay and reduce 
materially the cost of the transfer carriage. 

If the breakers are in a fixed position, 
it will be necessary to provide means for 
entirely disconnecting them while they 
are being worked on. The first thought 
for this is an oil-immersed or enclosed 
disconnect switch, which is not difficult 
in itself but which presents certain 
problems in safety and operation. Being 
enclosed, the actual opening in the circuit 
cannot be observed and checked, and re- 
liance must be placed on the operating 
mechanism or some other indicator. 
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Indicators can be devised which are inde- 


pendent of the operating mechanism and 
in case of failure or breakage will not give 
a safety signal. Glass windows have 
been tried to provide direct view of the 
disconnecting device but are not always 
practical, particularly when looking into 
an oil-filled compartment. There may 
be a possibility in some of the new 
plastics in this connection. Even though 
the break will be visible, there is still the 
question of possible breakdown across the 
gap in a disconnect of this sort. A metal 
(grounded) barrier across the gap may be 
a solution. 

The use of standard forms of cable for 
busses and connections should be con- 
sidered as a possible means of reducing 
the cost and the amount of oil if oil is 
used. 

The means for replacement of potential- 
transformer fuses can be studied to good 
advantage, as they are rather complicated 
andexpensive. The reliability of present- 
day potential transformers suggests that 
primary fuses might be omitted, a factor 
which would be a major simplification. 

The question of the necessity of an ex- 
ternal terminal for testing, phase flashing, 
and so forth, should be considered. 
Such a terminal was provided on one of 
the installations, but in order to maintain 
the highest degree of safety, rather com- 
plicated interlocking on the various dis- 
connect and grounding switches was in- 
volved. It must be remembered that as 
soon as exposed terminals which can be 
energized are introduced, the high degree 
of safety provided by entirely-enclosed 
metal-clad gear is lowered. 

Recent development in the production 
of light metals opens up possibilities of 
reduction of weight and lowering of han- 
dling and installation costs. 

Experience with gaskets enclosed in 
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From this discussion and the See ce 


clusions may be drawn: | 

1. Totally enclosed metal-clad construction 
provides the maximum degree of safety for 
personnel in the operation of electrical 
equipment. Ee 


2. The reliability of totally enclosed metal- — 
clad equipment is far greater than conven- 
tional open-type. a 


3. While over-all economy of totally en-— 4 
closed metal-clad equipment has been ob- — 
tained, there are many possibilities for — 
further advancement toward this objective. — 


4. Thirteen years of operating experience 7 
with seven different installations confirms j 
the above conclusions. q 


5. A great advancement toward the objec- 3 
tives of safety and reliability in electrical — 
equipment having been made, the research, - 
engineering, and labor expended in making — 
that advancement should be further ex- 
ploited by continuing the development and 
use of totally enclosed equipment for volt- 
ages of 33 kv and above. 


6. The present use of factory-assembled 
enclosed units indicates that the manufac- 
turers have accepted the principles involved. 
The lack of development for higher voltages 
apparently is caused by the high first cost. 


7. Metal-clad unit-type factory-assembled 
equipment for 33 kv is highly adaptable to 
standardized quantity production, and 
proper development will reduce first cost as 
well as over-all cost. 


8. This development offers a definite possi- 
bility of combating the steadily rising cost of 
conventional construction. 


9. The above possibility warrants earnest 
co-operation between manufacturer and 
user. 
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Synopsis: With the remarkable expansion 
of induction heating applications during 
recent years, a growing number of persons 
is being involved in the design and opera- 
tion of induction heating equipment. While 
the general principle of induction heating 
‘is obvious to most, the concepts of certain 
important peculiarities such as skin effect, 
including its bearing on the intensity of 


heat generation, are not as widely under- 


stood. One reason for this state lies in the 


_ classic approach by partial differential equa- 


tions!? involving operations with which 
many engineers interested in induction 
heating are not familiar. A previous paper 
by the author offered a new approach for 
the analysis of the induction heating effect 
by using concepts commonly applied to a-c 
engineering and not involving differential 
equations.’ A limitation of that paper con- 
sisted in the assumption that the radius of 
the charge will be very large in comparison 
It 
is the object of this paper to cast off this 
limitation and hence provide an analysis 
which is valid for any size of the radius of 
the charge and the depth of penetration. 
The generated heat is expressed in terms of 
rapidly converging series. The analysis is 
applied finally to the case where the charge 
is subdivided into a number of cylindrical 
rods. It is shown that for one certain radius 
of the individual rods, the inductor effi- 
ciency reaches a maximum. While in thecase 
of a single (not subdivided) charge, the in- 
ductor efficiency cannot increase over a cer- 
tain limit depending on the material of the 


charge, the subdivision of the charge re-_ 


moves such limitation, and inductor efficien- 
cies can approach asymptotically 100 per 
cent for any material. 


HE BODY to be heated is called the 

charge and is exposed to an alternat- 
ing magnetic flux produced by an in- 
ductor, for instance a solenoid, which is 
energized from an a-c generator of suitable 
frequency (Figure 1). The alternating 
magnetic flux induces voltages within 
the charge. As a result, currents, the so- 
called eddy currents, flow through the 
charge and produce /?R heat. Because 
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the heating effect is originated by volt- 
ages generated by induction, it is called 
heating by induction, or induction heat- 
ing. Heat also may be produced by hys- 
teresis in the case of ferromagnetic ma- 
terials at temperatures below the Curie 
point. For a large majority of practical 
applications of induction heating, the hys- 
teresis loss is negligible and will be dis- 
regarded in the following. 

Viewing the calculation of the gener- 
ated heat as the final objective, the first 
step will be to compute the intensity of 
the eddy currents and their distribution 
within the charge. 

For a cylindrical charge, the direction 
of the induced electric field intensity is 
perpendicular to the radius 7, hence the 
eddy currents folfow circles, whose cen- 
ters coincide with the axis of the charge 
(Figure 2). The circles are positioned in 
planes perpendicular to the axis; if the 
ratio of length to diameter of inductor 
and charge approach infinity, the mag- 
netic field intensity produced by the cur- 
rent in the inductor is uniform inside the 
inductor, while the magnetic field inten- 
sity on the outside of the inductor is zero.* 
Voltages and eddy currents will be the 
same along lines parallel to the axis. It 
follows that a slice cut out of the charge 
perpendicular to its axis is representative 
of the state of the entire charge. 

Since the voltages and the eddy cur- 
rents follow concentric circles, and thus 
have no radial components, a subdivision 
of the slice into a number of sleeves all 
telescoped into each other will not change 
the state of the slice, even if the sleeves 
were insulated from each other. In 
order to obtain uniformity of induced 
voltage and eddy current over the cross- 
section of the sleeve, its radial thickness 
is assumed infinitely small; consequently 
the number of sleeves is infinitely large. 
The charge thus is reduced to a (infinite) 
number of electric circuits amenable to 
quantitative circuit analysis. 

Because of the resulting simplification 
in the analysis, the ratio of length to diam- 
eter of inductor and charge will be as- 
sumed approaching infinity. A very sim- 
ple relation between magnetic intensity 
and ampere-turns per centimeter then 
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results. In practical cases where the ratio 
of length to diameter of inductor and 
charge is finite, the spreading of the flux - 
at the ends of the inductor results in a 
weakening of the induction, hence the 
formulas derived for the infinite case will 
give too high values for the generated 
heat.5§.7_ However, as the ratio of length 
to diameter increases, the deviation from 
the infinite case becomes less and ap- 
proaches zero asymptotically. 

The analysis utilizes two different 
methods of approach, depending on the 
ratio between the radius a of the charge 
and the depth of penetration ». Each 
method has its special usefulness in its 
region of application, the border line be- 
tween the two cases being at a ratio of 
a/p = 3. The results obtained by these 
methods are identical with the power 
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Arrangement of inductor and 
charge 


Figure 1. 


series of Bessel functions, obtained as 
solution from an analysis based on partial 
differential equations.’ 


Case a/p<3 


For this case the eddy currents in the 
charge are calculated by a method of suc- 
cessive approximations. As previously 
explained, the charge can be reduced to a 
number of electric circuits. Suppose the 
charge is now slotted radially from the 
surface to the axis. All circuits in the 
slice become open. When such a ficti- 
tious charge is inserted into an energized 
inductor, open circuit voltages will ap- 
pear across the slots of the various sleeves; 
the slots, however, prevent eddy currents 
from circulating through the sleeves. 

Suppose the slots are now closed. Eddy 
currents start to flow through the sleeves, 
and it will be assumed as a first approxi- 
mation that the eddy currents are given 
by the open circuit voltages of the various 
sleeves, divided by the electrical resist- 
ance of the respective sleeves. 
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The petal aye apo Ly will differ 


from those thus obtained for two reasons: 


aa Agsetiarg to Lenw’ s law, the eddy cur- 


rents tend to weaken the magnetic field 
produced by the inductor, resulting in a re- 
duction of the open circuit voltages. 


2. Voltages of mutual reactance are in- 
duced in the various sleeves by eddy cur- 


_ rents circulating in other sleeves. 


_ In order to obtain a second approxi- 
mation, the magnetic field distribution as 


determined by the first approximation is 


calculated. A new group of voltages is in- 


duced in the charge, which, in combina- — 


654-2 
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EDDY CURRENT K 


INDUCTOR 
CURRENT I 
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Figure 2. Sectional view of inductor and 
charge 


tion with the resistance of the sleeves, 
cause a new set of eddy currents to cir- 
culate through the sleeves. These volt- 
ages and eddy currents obtained by the 
second approximation are much smaller 
in magnitude than those obtained by the 
first approximation. The total eddy cur- 
rents in the charge, thus far considered, 
consist of the sum of the eddy currents of 
first and second approximation. The ac- 
tual eddy currents again will differ from 
those thus far obtained because the eddy 
currents of second approximation will 
weaken the previous magnetic field; 
moreover, voltages of mutual reactance 
are induced in the various sleeves by the 
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magnetic field by the eddy 


second approximation is of far lesser de- as 
gree than previously encountered by the tor pr r 


eddy currents of first approximation. 
Equally reduced in magnitude are the 
voltages of mutual reactance as a result 
of the eddy currents of second approxima- 
tion, compared with the voltages of mu- 
tual reactance as a result of the eddy cur- 
rents of first approximation. Further 
approximations can be obtained by pro- 
ceeding in analogous fashion. This proc- 
ess leads to a power series which will be 
found to be rapidly convergent. 

Positive directions were assigned to the 
magnetic field intensity H and to the cur- 
rent J in the inductor. They are shown 
(Figure 2) by arrows parallel to the axis 
of the inductor and by the head and tail 
symbols, respectively, indicating a right- 
hand system. For alternating magnetic 
intensities and currents, the arrows show 
the direction of the instantaneous values, 
provided the latter appear positive in their 
respective vector diagrams. For a charge 
inserted into the inductor, the same posi- 
tive directions are retained for the mag- 
netic intensities H and currents K in the 
charge. 

The magnetic-field intensity, hence- 
forth abbreviated magnetic intensity; 
follows for an empty inductor from 


H,=0.47I,n (1) 


A cylindrical charge is now inserted 
into the*inductor. The induction B, in 
the charge (caused by the inductor field) 
equals 


B,=+H, (2) 


The magnetic flux ®,, which is sur- 
rounded by a sleeve with the radius r, 
equals 


P,=r'nB, (3) 


As a result of ®,, voltages V,, and hence 
eddy currents K,, are produced in the 
charge. The eddy currents, however, 
produce magnetomotive forces of their 
own, resulting in the weakening of the 
original flux ®,, and in the induction of 
voltages in the various sleeves by mutual 
inductance. These effects of the eddy 
currents are nullified by introducing a 
so-called compensating current in the 
inductor, which is to offset the weakening 
action of the eddy currents with respect 
to the flux ®,, and furthermore by intro- 
ducing compensating voltages in the 
sleeves. The latter voltages are con- 
nected in series with each sleeve and de- 
velop a voltage equal in magnitude and 
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the graph superimposed on the view of — 


V,= —jo®10- 
where 

sear 
Utilizing entabions i to 5, V ftlows a 
Vo = —j8n710~9(uf) (Ion)r* 


Iti is apparent that the radial distibation. 
of the induced voltage V, is” s parabol oe 
The slice is shown in Figure 3, 3, looking i int 
the axial direction. The magnitude of 
V, as a function of the radius is shown oe 


the slice. 

Before analyzing the implications of — 
equation 6, it will be well to remember 
that the flux ®, also will induce a voltage 
in the inductor. If the object is to 
determine the voltage induced in the 
inductor by the entire flux inside of 
the charge, the variable radius r in 
equation 6 is replaced by the outside ra- 
dius a of the charge. Thevoltage per turn 
of the inductor, caused by only the flux 
within the charge, follows from equation 
6 ‘ 


E,/n= —Jj8x*10~*(uf) Ton)a? (7) 


and the voltage EZ, per centimeter axial 
length of inductor is 


E,= —j8x*10-*(uf) (Ion)a* (8) 
It should be observed that other volt- 


mpm Sn a Fatman 


‘ages are induced additionally in the in- 


ductor. There are the voltages resulting 
from the magnetic field within the in- 
ductor conductor and caused by the miag- 
netic field in the air space between in- 
ductor and charge. Furthermore, an 
ohmic voltage component exists because 
of the copper loss in the inductor. The 
current in the inductor, multiplied by the 
various voltages listed, indicates the true 
and reactive power spent in the various 
parts such as the inductor proper, the air 
gap between the inductor and the charge, 
and the charge itself. Since this discus- 
sion is concerned only with the power 
requirements introduced by the charge 
itself, voltages induced in the inductor 
by parts other than the charge do not re- 
quire further attention. 

Returning to the voltage V, (equation 
6), currents, the so-called eddy currents, 
will flow in the sleeves as a result. The 
magnitude and phase of the eddy currents 
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are controlled by the Pliage Vv, the cone 
ance of the individual sleeve and the volt- 
ages induced in the sleeve by self induct- 
ance and mutual inductance. 

While the voltage of self inductance is 
zero because the infinitely small cross- 
ection of the sleeve multiplied by a finite 
current density (amperes/centimeter?) 
tesults in a current (in amperes) of zero 
‘magnitude, the effect of the voltages 
caused by mutual inductance has been 
eliminated temporarily by the inception 
4 of sources called compensating currents 
and voltages, as previously indicated. 


Vo 


The eddy current is now solely a function 
_ of V, and the resistance of the sleeve. 
If the slice has a height of one centi- 
meter, the resistance of a sleeve of in- 
finitesimal thickness dr is then 


R=2rap/dr (9) 


and the eddy current density K, will 
equal 


K,=V,/2rmp (10) 


From equations 6, 7, and 8, one obtains 
for K, 


K,= —j40710-*(uf/p) Ion)r (11) 


Finally, the /?R heat generated by induc- 
tion is, per cubic centimeter, 


Wo=Ko2p/2=81410- 8 (u*f?/p) X 


(Ion)?r? (12) 


where W, is average value and K, is peak 
value. 

At this point it is worthwhile to pause 
for a moment in the further development 
and to focus our attention on the inter- 
pretation of equations 1l and 12. It will 
be recognized that the generated heat is 
controlled by the ampere-turns and fre- 
quency of the inductor current, by the 
electrical resistivity and magnetic per- 
meability® of the charge, and furthermore 
by the distance from the axis. The per- 
meability of a number of ferromagnetic 
materials varies with the magnetic inten- 
sity and with the temperature. When the 
temperature of the charge has reached the 
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Curie point, the permeability drops to 


generation. 

A further inspection of equations 11 
and 12 reveals the important facts that 
the density of the eddy currents K, is 
zero at the center of the charge and in- 
creases as a linear function of the radius 
toward the surface (Figure 3). Since the 
rate of heat generation W, per unit vol- 
ume of the charge is proportional to the 
square of the current density (equation 

12), it is obvious that the rate of heating 
W, is also zero at the center of the charge, 


6579 


—rr 


Figure 3. Radial distribution of induced volt- 
age V,, eddy current density K,, and gener- 
ated heatW, 


but increases with the square of the ra- 
dius toward the surface of the charge. 
The greatest concentration of heat gen- 
eration thus occurs in the surface layer 
(Figure 3). This concentration of heat 
generation toward the surface makes in- 
duction heating suitable for surface hard- 
ening applications. Although most of the 
heat is generated in the surface layer, the 
entire body of the charge can be heated 
if so desired; this is done simply by 
continued application of power, the heat 
being conducted thermally to the in- 
terior. 

Such, briefly sketched, are the con- 
clusions reached from an inspection of 
equations 11 and 12. These equations 
were obtained by disregarding the effect of 
mutual inductance. The validity of the 
conclusions, therefore, has to be limited 
to the region in which the effect of mutual 
inductance remains negligible. It is the 
object of the following to demarcate this 
region and to investigate what modifica- 
tions the foregoing conclusions have to 
undergo when the effect of mutual induct- 
ance becomes pronounced. 

Eddy currents K, flowing in the charge 
create a magnetic flux ®,, which is inter- 
linked with the sleeves and with the in- 
ductor. The flux ®, is a function of the 
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_ magnetic Tercts H, 1 wiih follows from 
unity with an attendant drop in heat - 


pete slaw 


I, Hdl =0.40 af fos K,ds 


Remembering that H, has no radial com- 
ponent and equals zero at the outside of 
the charge, the line integral on the left 
hand side of equation 13 simplifies for a 


slice of the height of one centimeter to H; — 
(Figure 4). The surface integral on the — 


(13) 


right hand side also simplifies somewhat, — 


resulting in 


a 
H,=0.40 fh K,dr 
i 


Simplifying the expressions for K, by 
introducing a new parameter p, where 


rt p10 (15) 
uf 
one obtains 
K,=—j(1/2p”)(Ion)r - (16) 


Substituting equation 16 into equation 
14 and integrating, one obtains finally 


Hy = (—ja?/8p?) -0.81(Ign) (1—(r/a)?]_ (17) 


The radial distribution of H, is para- 
bolic. The induction B, follows as 


B, =p, (18) 


and is shown in Figure 5. 
The magnetic flux ®, will be obtained 
from 


T 
@, -f B, -2rxr-dr 


The following method of splitting the 
induction B, into two components Bi, 
and By,, will greatly simplify the further 
analysis: 


(19) 


Bi =Bi,m+Bi,n (20) 


Figure 4. Sectional view of slice for illustra- 
tion of Ampere’s circuital law 
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(14) 


Component By, shall have such radial 
distribution that the resulting flux ®1,,, is 
not interlinked with the inductor: 


a a 
= | Bin-2Qre-dr= 
a ° 


Integrating equation 20 and substitut- 
ing from equation 21, one obtains an in- 
tegral equation for Bi,m: 


a 
[ecearn ff By 2ra-dr (22) 
o o 


The simplest radial distribution which 
can be assigned to By,,, is to be constant: 


(23) 


®,, (21) 


By,m=constant 


Applying equation 23 to equation 22, 
we have 


a a 
af B,-2rr-dr=Bi,m uh 2Qrr-dr (24) 
and 
il a 
i .,.=— B,-2rxr-dr (25) 
: ar 


Utilizing equations 17 and 18, the in- 
tegration of equation 25 results in 


Bim = (—Jja?/8p") -0.4ru (Ton) (26) 


The other component B,,, follows from 
equations 17, 18, 20, and 26: 


Bin = (—Jja?/8p?) -0.4ru(Ign) X 


[1—2(r/a)?] (27) 


Both components B,,,, and By,,, whose 
radial distributions are illustrated in 
Figure 5, form together the flux ®,. This 
flux therefore can be considered as con- 
sisting of two components: ,,, which 
has a constant density B,,, throughout 
the charge, and ®,,,, which is not inter- 
linked with the inductor. 

When considering the effect of the eddy 
currents K, and hence of flux $, on the 
inductor, only the component ,,, re- 
quires attention because the interlinkage 
of the other component ©,,, with the in- 
ductor is zero. 

It was stated previously that the 
weakening effect of the eddy currents K, 
with respect to the inductor field can be 
nullified by the introduction of a com- 
pensating current J; into the inductor, 
which easily can be determined now. 
Current J; has to produce an induction 
B' im Which nullifies Bim. 


Bi m= —Bi im (28) 
From equations 1, 2, and 28, 
0.42 (tin) =B' mn i= —B: m (29) 


Applying equation 26, one obtains for 
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the compensating current J; in the induc- 
tor 


I= —(—ja*/8p")Io (30) 

If this current J, is added to the orig- 
inal inductor current J,, as it will be 
assumed, the magnetic action of the eddy 
currents K,, as far as flux ®,,, is con- 
cerned, is completely cancelled. After 
the introduction of current I, the flux 
®,, ceases to exist and hence does not 
require any further attention. The only 
modification of the original eddy current 


ff as 


Figure 5. Longitudinal section, illustrating the 
distribution of induction B, caused by eddy 
currents K, 


distribution as expressed in equations 11 
and 12 will be caused by induction B,,, 
(Figure 5). 

In addition to cancelling part of the 
eddy current field, current J, reflects into 
the inductor the J?R loss, which occurs in 
the charge caused by the eddy currents 
K,. The current J; is in phase with the 
voltage E, and thus expresses true power 
consumption by the inductor (Figure 6). 
It can be proved that this power P, ex- 
pressed in terms of J; and E, (equations 
8 and 30) equals the energy dissipated in 
the charge by the eddy current K, (equa- 
tions 11 and 12): 


Po=Eohi/2=1(a/2p)*p(¥on)? 


a 
= yp (Ky2p/2)+2re-dr (31) 
0 


Returning to induction B,,,, the cor- 
responding flux ®,,,, follows in analogy to 
equation 3: 


Din- f Bin: 2ra-dr 
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(32) 


The induced voltage V; in the charge, 
caused by flux B1,,, is 


V, = —jwP,,10~* (33) 


Substituting from equations 27 and 32,4 ; 


one obtains . 


Vi = [(—ja?/p*) xp (Ion)r?/a?] X 
[(—ja?/8p")(1—r?/a?)] (34) 


These voltages Vi are induced in the 


} 
. 
| 


charge by the flux #,,, and previously — 


have been disregarded after compensat- 


ing voltages were introduced. Actually 


such compensating voltages do not exist 


and hence the voltages V1 will be acting 
on the charge. Summarizing the reason- 
ing thus far, it can be stated that the 
inductor carries the currents J, and Ih, 
while the charge carries the eddy currents 
K,. Inaddition, free residual voltages Vi 
exist in the charge. 

At this point an examination of the 
relative magnitudes of Vi with respect 
to V, is in order. Since the voltages Vi 
will cause the flow of eddy currents Kj, 
just as V, caused the flow of the eddy cur- 
rents K,, the relative magnitude of V; 
with respect to V, will indicate whether 
the expression for the heat generation in 
the charge (equation 31) is sufficiently 
accurate or whether the effect of the volt- 
ages V; has to be taken into account. 

Recasting the expression for V, by us- 
ing equations 6 and 15, 


E,=(—ja*/p*) mp n)r*/a* 


The ratio V:/V, 
34 and 35) 


(—ja?/8p*) (1 —1?/a?) 


(35) 


becomes (equations 


Vi/Vo= (36) 


For a ratio of a/p<1, the ratio of the 
voltages Vi/V,, and consequently of the 
eddy currents K,/K,, becomes small. 
Since the generated heat is proportional 
to K,?, and respectively K,?, the heat 
generated by the eddy currents Ky is then 
negligible with respect to the heat gen- 
erated by the eddy currents K,, and the 
expression for the heat generation (equa- 
tion 31) applies. 

The current J in the inductor is 


1=1,+h=I,(1+j(@/8p")] (37) 
Solving for J,, 
T° =I?/({1+j(a?/8p*) |? (38) 


Introducing J,? into equation 31 and 
remembering that equation 31 is valid 
only for a/p<1, I,? can be approximated 
very closely by the inductor current J. 


Since the effective value of the inductor 
current 
Tete =I/4/2 (39) 
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; Figure 6. Vector diagram of currents in induc- 


tor 


, 


r ‘the heat generated in the charge can now 


 P,=2n(a/2p) 4p (Toten)? 


“be expressed as follows: 


(40) 


for a/p<1 


, 
f 
7 


to be investigated. Just as the voltage V, 


If, however, a/p> 1, the effect of V; has 


produces the eddy current K,, the voltage 


- Vi produces a new eddy current Ky, as 


fully explained in Appendix I. The effect 
of the eddy currents K; can be resolved 
in an additional current J; in the inductor 
-(Figure 6) and free voltages V2 as follows: 


a? \24 . 
K-(-iZ) “(1-5 ) (42) 
a? \?_ 1 
h= -(-i) I, 3 (50) 
_a? 2 
von (~i53)¥ 5a) 


Thus the current in the inductor con- 
sists of the vector sum of I,, J;, I2, while 
the eddy currents consist of the vector 
sum of K,, Ki. In addition, free residual 
voltages V2 exist in the charge. 

With the new eddy currents Ky (in 
analogy to equation 42), 


sa \3 BD p% nth 
K-(i)K(-35-2) 0 


- flowing in the charge, it can be seen that 


(0) 
-0.2 
> 
{ -0.4 
-0.6 
0 0.2 0.4 0.6 0.8 1.0 
— Va 


Figure 7. Function y indicates the progres- 
sive reduction of eddy current density toward 
the axis of charge 
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K» is in counterphase with eddy currents 
K,, and hence K, can be algebraically sub- 


tracted from K, in order to obtain the 


total nonquadrature eddy current thus 
far derived. The charge also carries the 
eddy current K;. This current K;, is, 
however, in phase quadrature with K,, 
and its effect on K, will be neglected for 
reasons of simplicity. Under this as- 
sumption K, expresses the amount by 
which the original intensity K, of the eddy 
currents (equation 16) will be modified if 
the voltages V; and V2 are not negligible. 


al 


Figure 8. Graph for f(a/p) (from equations 
71 and 81) 


In order to compare the new eddy current 
Ke with the original eddy current K,, the 
first is expressed in terms of the latter as 
shown in equation 55: 


a? \2 Q rr ot 
Tgpi)\~3 tat sat)? 


(55) 
Aside from the term (—ja?/8p?)?, the new 
eddy current K, equals the original eddy 
current K, times a function y. For better 
illustration, the function y is plotted in 
Figure 7. This figure reveals: 


Ki/K,-(- 


1. In the interior of the charge the new 
eddy current Kz is opposed to the original 
eddy current K, at every point, resulting in 
a smaller eddy current density than ex- 
pressed in equation 16, and therefore re- 
sulting in less heat generation than expressed 
in equation 12. 


2. The eddy current density, and hence 
heat generation, is progressively reduced 
toward the center of the charge. 


8. The relative reduction of eddy current 
density and heat generation in the interior 
is a function of the ratio a/p. 
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As pointed out in the preceding para- 
graphs, the generated heat decreases to- 
ward the axis at a higher rate than ex- 
pressed by equation 12. The result is a 
preponderance of heat generation in the 
surface layer, called the skin of the charge 
which effect is called skin effect. If the 
ratio a/p is increased, the reduction of 
heat generation toward the axis of the 
charge is intensified resulting in a still 
greater preponderance of heat genera- 
tion in the surface layer of the charge. 
Besides frequency, resistivity, and per- 
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meability, the radius a of the charge is 
an additional controlling factor for the 
skin effect. The skin effect may be pro- 
duced equally in the case of a higher fre- 
quency and a charge of smaller diameter, 
as in the case of a lower frequency and a 
charge of larger diameter. 

After this discussion of skin effect, the 
attack on the main problem, namely the 
computation of heat generation, will be 
resumed, The eddy currents K> lead to 
magnetic intensities H; which, in turn, 
are resolved in a current J; in the inductor 
and free voltages V3 in the charge. If 
this method is repeated, further currents 
I4, Is, Ig are obtained for the inductor: 


I, = —(—ja?/8p*)I, (30) 
I, = —(—ja?/8p?)*Ig:1/s (50) 
I; = — (—ja?/8p*)*Iy-1/6 (56) 
I,= — (—ja?/8p?) Tq: 4/45 (57) 
I,= — (—ja?/8p) 51g: !5/270 (58) 


The current components in Figure 6 
are shown for a/p = 2.4. It is evident 
from Figure 6 that the current compo- 
nents converge rapidly and hence the 
current represented by I is a very close 
approximation for the actual current in 
the inductor. For decreasing ratios of 
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sectional view of a 
subdivided charge 
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Figure 10. 
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where 


tack of various theoretical problems. For 


practical rapid determination of the heat, 


equation 60 is split into 2 parts: 
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3 the accuracy of the series is 


The convergence of the series is so rapid p 
term in the denominator of equation 69 
can be neglected without introducing an 


of a/p the error rapidly approaches zero, 
error of more than 1.2 per cent. 


frequency of the inductor current. 
a/p = 
that for a ratio of a/p 


within 1.1 per cent. 
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When the true components hi, Jz, J; are 


and hence the approximation is still 
multiplied with the inductor voltage E,, 


closer. 
the true power P dissipated in the charge 


is obtained. This is shown in Appendix 


a/p, the convergence is more rapid yet 
II, resulting in 
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The re- 


0.8, the second term in the de- 


maining series is still very rapidly con- 
nominator can be neglected without caus- 
ing an error of more than 1.2 per cent, 


verging for decreasing ratios of a/p. 
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p 
While function f (a/p) is plotted in 


Figure 8, a graph shown in Figure 9, and 


a 


Pa =rv/2p 


The formulation of generated heat by 
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means of a sharply converging series in- 
troduces a new tool for the analytical at- 


which error rapidly decreases for de- 


creasing ratios of a/p. 


(69) 
as a func- 


tion of radius, resistivity, permeability of 
turns and 


Thus the generated heat has been de- 


termined in the form of a series, 
the charge, and the ampere 
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for a/p<3 


explained 130 3 in the text, facilitates the 
rapid determination of io. 
7 , 


_ Case a/p >3 


It can be shown? that for a magnitude 

of p which is negligible with respect to the 
& a, the heat generation W per unit 
_ volume at a radial distance d from the 


. surface of the charge, can be rea by 
4 toy 

W= C rai pe ? (73) 
‘ 

4 where 

. 

_ d=a-r (74) 


The heat generated in a slice of one centi- 
_ meter height is 


P= f° W-2re-dr (75) 


. 
. 


If this integral is evaluated as shown in 

_ Appendix III, the following expression 
_ for the generated heat is obtained as fol- 
_ lows: 


: Boia) (Tete)? (80) 


pve 
: for a/p>3 


Equation 80 is accurate within 0.1 per 
cent for a/p = 3. For larger ratios of 
_ a/p, the error rapidly approaches zero. 
It will be recognized that the applica- 
_ tion of equation 72 leads to 


a 

P=P.°f\— 70 
(2) (70) 
where 

a 1 
‘eaaere “S 
for a/p>3 
and 
Tape = 1/39" (Tan)? (72) 


The function f(a/p) (equation 81) can 
be plotted very rapidly as a straight line, 
using a hyperbolic scale for the abscissa 
axis, as shown in Figure 8. 


Graph for the Determination of 
the Depth of Penetration 


Every one of the important equations in 
the preceding analysis contained the fac- 
tor p (equation 15). For a radius of the 
charge which is very large compared to 
p, the magnetic intensity declines expo- 
nentially from the surface toward the 
interior of the charge.* At a distance of 
pr/2 from the surface, the magnetic in- 
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tensity and hence the eddy currents are | 


1/e of their respective values at the sur- 
face. The decay of the magnetic intensity 
as a function of its penetration into the 
charge can thus be expressed in terms of 
p, and hence # is often referred to as depth 
of the magnetic field penetration. 

For rapid determination of , the 
graphin Figure 9 is recommended. Sup- 
pose the penetration should be deter- 
mined for copper at room temperature 
(9 = 1.7-:10-*ohm-centimeters, 4» = 1) 
and a frequency of 750 cycles. Erect ver- 
ticals on the frequency and resistivity 
axes at the required points, as shown by 
dotted lines, and intersect at point X. 
Draw a line through X under 45 degrees 
until intersection is made with the perme- 
ability system at the desired permeability 
(point Y). Erect a vertical line on Y 
and intersect penetration axis at point Z. 
If scale A has been used for frequency, 
use scale A for penetration; if scale B 
has been used for frequency, use scale B 
for penetration. For the foregoing ex- 
ample the solution is 0.17 centimeter. 


Subdivided Charge 


Thus far the charge consisted of one 
cylinder with the radius a. When induc- 
tion heating is applied to melting opera- 
tions, the charge with which the heating 
process is started may consist of a multi- 
tude of solid pieces of metal, so-called 
scrap whose upper range of size is limited 
by the inside diameter of the crucible. 
As far as the geometry of the crucible is 
concerned, there is no lower limit for the 
size of the scrap. It has been observed, 
however, that the time for melting the 
same weight of scrap depends upon the 
size of the scrap, other conditions such 
as magnitude and frequency of the induc- 
tor current remaining the same. Under 
these assumptions the energy spent on 
copper losses in the inductor is merely a 
function of the time during which the 
current is applied. If various sizes of 
scrap require various amounts of time 
for melting, although the weight of scrap 
remains the same, it is obvious that the 
size of the scrap influences the efficiency 
of heating. 

In order to analyze the effect of, scrap 
size, it will be assumed that the charge 
consists of a number of solid, identical, 
round bars which fill the interior of the 
crucible as shown in Figure 10. Singling 
out one bar with the radius a,, the gener- 
ated heat can be computed, as previously 
shown in equation 70, substituting a; 
for a. Since the charge, in this case the 
bar, does not create a magnetic field out- 
side its contours, the space around the 
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‘bar remains at the same magnetic inten: 
sity whether the bar is present or not. 
This means that the state within one bar 
is unaffected by the presence of other bars 
within the same inductor. If, however, 
the bars touch each other, a current can 
be transferred across the common surface 
making the bars interdependent. It will — 
be assumed in the following that the bars 
do not touch each other, or that oxides 
are present at the surface of the bars 
which are sufficiently insulating to make 
the current transfer betwen bars negli- 
gible. 

As in the preceding (equation 70), the 
heat generated per centimeter length of — 
one bar equals 


Pi=P a; (2) 


where 


(82) 


Porm avin" (Tett-m)? (83) 
If the number of rods is 2, the total area 
A of the cross sections of the rods equals 


A =ia;?r (84) 


The total heat generated in all bars 
per centimeter length follows from Ap- 
pendix IV: 

P=A-(uf10-°)- (2). (Ieten)* (90) 

The function of g(a;/p) (equations 88 
and 89) has been plotted in the graph, as 
shown in Figure 11. The most striking 
feature of the function is its maximum. 


It means that for a certain ratio of a,/p, 
the generated heat is a maximum. Since 


‘the magnitude and frequency of the cur- 


rent in the inductor are assumed con- 
stant, the losses in the inductor are also 
constant, and hence maximum heat gen- 
eration means maximum efficiency. In 
order to find the maximum, the conven- 
tional approach of differentiating func- 
tion g(a;/p) (equation 88) is applied. The 
solution is 


(3). 


for a;=2.53p 


(91) 


For a given material and frequency, 
there is one certain radius at which max- 
imum heat generation is achieved. It 
should, however, be borne in mind, that 
most metals increase their resistivity 
with increasing temperature. The pene- 
tration p at lower temperature is smaller 
(equation 15) than at higher temperature. 
If the radius a; = 2.53 p has been de- 
termined for the low temperature, the 
heat generation will be at maximum at 
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the outset of heating. As the heating 
process goes on, the temperature of the 
charge will rise and its resistivity in- 
creases. The factor p will also increase, 
resulting in a decreasing (a;/p). It is 
obvious from Figure 11 that a reduction 


of heat generation will occur. The ther-. 


mal losses of the charge, however, in- 
crease with the temperature, while the 
generated heat decreases. It is therefore 
possible that a temperature equilibrium 
establishes itself below the desired tem- 
perature. 

In order to avoid this limitation of tem- 
perature, the radius a; of the charge has 
to be computed from a penetration #, 
which is based on a resistivity of higher 
value than at room temperature. If p 
is based on the resistivity of the metal at 
its highest temperature, the generated 
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heat also will reach its maximum at the 
highest temperature. 

The maximum heat generation follows 
from equations 90 and 91: 


Prax = 29.86A (uf 10-9) (Lesem)? (92) 


From the point of view of efficiency of 
induction heating, equation 92 is very 
significant. If the charge is not subdi- 
vided, and provided a>, the generated 
heat P is given by equation 70. The heat 
generation P is proportional to the radius 
of the charge, and the copper losses in the 
inductor are in proportion to the radius 
of the inductor. If the radius of the 
charge is increased, the radius of the in- 
_ductor has to be increased by a propor- 
tional amount. The result is that the 
ratio between heat generation and induc- 
tor loss remains constant, which in turn 
means that the efficiency. is limited to a 
constant amount depending on the re- 
sistivity and permeability of the charge. 

For a subdivided charge no such limi- 
tation exists. While the loss in the induc- 
tor increases linearly with its radius, the 
area A of the total cross-section of the 
bars increases approximately with the 
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square of the radius. The result is that 
by increasing the radius of the inductor, 
the heat generation in the charge increases 
much faster than the losses in the induc- 
tor, hence the efficiency approaches 
asymptotically 100 per cent. 


Appendix | 


The voltage V; will cause the flow of new 
eddy currents of the density Ki. The mag- 
nitude and phase of,these new eddy currents 
is controlled by V;, the resistance of the 
sleeves, and the voltages V2 induced in the 
sleeves by the eddy currents K, caused by 
mutual reactance. A compensating current 
Te is introduced in the inductor to counter- 
act the weakening action of the eddy cur- 
rents K;. Furthermore, a compensating 
voltage —V2 is introduced in series with 
each sleeve, developing a voltage equal in 
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= 


Graph for ¢(a;/p) (from equations 
88 and 89) 


Figure 11. 


magnitude and opposite in sign with respect 
to the voltage induced in the sleeve by the 
eddy currents K, in the charge, and the 
compensating current J, in the inductor, 
thus nullifying the voltages of mutual re- 
actance. The eddy current K, is now only a 
function of V, and the resistance of the 
sleeve (equation 10): 
K,= E,/2rmp (41) 


Taking V; from equation 34, one obtains 


,a* \4 
Ky Sl ea ea os 

8p?/ a 
The magnetic intensity H> results in analogy 
to equation 14: 


a 
H, noe f K,dr 
r 


and integrating equation 42, 


H= eee Ns 72 A 


(44) 


Again, the resulting induction Bz is split 


(42) 


(43) 
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into two components similar to equation 20: 


By =Bz,m+B2,n (45) 


Stipulating the same requirements for Bom 


and Bo,n, as previously for By,m and B1,n, re- 
spectively, 


a\? 1 
Bom -( —Igpa O.4mp (Ton) -5 


The other component Bo,, follows from. 


equations 44 and 46: 


5 a? 2 2 r2 r! 
Baa=( -i2,) odnaldyn( 2-25 4%) 
(47) 


In order to cancel the effect of Bom, a 
compensating current J; has to flow through 
the inductor which produces an induction 


Bi m= —Bin (48) 
From equations 1, 2, and 48 
0.4rp(Ion) =B’s m — —Bom (49) 


Applying equation 46 one obtains the com- 
pensating current J: 


je i 
, Jgp2} “73 
Only the component Bo,, can be effective 


in inducing voltages V2 in the sleeves. The 
corresponding flux 


Day [Baw 2red 


which, in turn, induces voltages V2 in the 
charge 


(50) 


(51) 


Va = — jeden 1078 (52) 


Substituting for 2,, in equation 52 results 
in an expression for V2 as follows: 


2 D 2 
Vo= -iS)y, = 
8p? 3 3a? 
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(53) 


The inductor current J has two compo- 
nents: the resistive component Jp in phase 
with the voltage EZ, and the inductive com- 
ponent J, lagging 90 degrees behind. 


T=Ip+I, (59) 
The resistive component Jz follows from 

Ip=ht+h+h (60) 
and the inductive component Jz equals 
L=1+-h+k (61) 


The resistive component Ip follows from 
equations 30, 56, 58, and 60: 


a? 1 a? 7 
Ip=jl | ae 
a ark Az) 
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Fie 


(46) 


bel n[4(S)-2(S)] 


and the inductive component follows from 


equations 50, 57, and 61° 


(63) 


‘The absolute value of the inductor current 
_ I (equation 59) is 


72 WV Ip? Ty? 


Substituting for equations 62 and 63 in 
equation 64 and neglecting terms of sixth 
mPower and up, one obtains for the current J 
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& The heat generated by eddy currents is 


(64) 


(65) 


- taken from the line in the form of the re- 


on 


sistive component Jz of inductor current J. 


' The average value of generated heat there- 


fore can be expressed as 


- 


eP=F J,/2 


(66) 


4 where E, and Jp are peak values. 


; , 


_ from equations 62 and 65: 


' The resistive component Jz is obtained 
Lea 
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(67) 


This expression can be used in equation 66, 
and by further reference to equations 8 and 
67 one obtains for the average power 


13 
+S). 
“il6)-e) 

3\8p?/ 5\ 8p? 


Dividing the denominator by the numer- 
ator and neglecting terms of sixth and 
higher powers, equation 68 simplifies to 


ei °)' 
16\p 
77 


a 8 
~ 2,211,840\ p 


oa 
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for a/p<3 


(In)? (68) 


(Lett)? 


(69) 
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Applying the expression for W (equation 
73) to equation 75 and integrating between 
the limits 7 = 0 and r = a results in the 
following operations: 


1/In\? a ~_(a—*)v2 
P=-| — } p2x ree OS IS 
2\p ‘ 
ay2 a  ry2 
ni( Moonee r-€ Pp -dr 
2\ Pp , 
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dr 


(76) 
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Using the results of equation 77 in equa- 
tion 76 leads to 


Bae aka curdee 
p=(2) om ” 1+e | (78) 


for a/p>3 (79) 


The exponential term in equation 78 thus 
can be neglected and the generated heat per 
one centimeter height of the charge is 


a 1 
ier tar oN (80) 
p 
for a/p>3 
Appendix IV 
From equations 70, 82, 83, and 84, 
P= Avi 1p (2 5) an (85) 


Recasting equation 85 and substituting 
from equation 15 for p, 


P=Av/2-81?(uf10-9/p) X 


{E)/G)} omer 


Introducing 


Omaahelle: 


ai 
for a;/p<8 the function ¢ ( HM follows from 


(87) 


equation 71: 


ie a 8 
2,211,840\p 


ai/p<3 (88) 


And for a;/p=8 the function dz) follows 


from equation 81: 


a 1 ay 
— )=8+/ 2x7) 1— = — 89 
p 
753 
p 


Returning to the heat generation it can be 
expressed as 


Prax = 29.86A (uf 107°) (Lets)? (92) 
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Appendix v. Definitions of 
Symbols . 


- A=total area of subdivided charge, in — 


square centimeters 
a=radius of nonsubdivided charge, centi- 


meters 

a,;=radius of bars in SS rengislesl charge, | 
centimeters 

B=induction, peak value of sinusoid, 
gausses j 


d=distance of a point inside of charge to 
surface, centimeters 

E=voltage, peak value of sinusoid, volts 

f=tfrequency of inductor current, cycles per 
second 

f(¢/p) =a function of (a/p) 

H=magnetic intensity, peak value of sinu- 
soid, oersteds 

T=current, peak value of sinusoid, amperes 

Tete =current, rms value, amperes 

4=number of bars in subdivided charge 

j=V-1 

K=current density of eddy currents, peak 
value of sinusoid, amperes per square 
centimeter 


‘l=length of line over which integral is taken 


nm=number of turns of inductor per centi- 
meter axial length 

P=power, average value, watts 

p=penetration, centimeters 

s=surface over which integral is taken, 
square centimeters 

t=time, seconds 

V =induced voltage in charge, peak value of 
sinusoid, volts 

=generated heat, average value, watts 

per cubic centimeter 

e€=base of natural logarithms, 2.71828 

w=permeability, unity 


m=3.14159 
@=magnetic flux, peak value of sinusoid, 
maxwells 


¢(a;/p) =a function of a;/p 
p=resistivity, ohm-centimeters 
w=angular velocity, radians per second 
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eet erp ‘at ee Ohm a Mho . 


Principles to Protective Relays 


A. R. van C. WARRINGTON 


MEMBER AIEE 


HE mho relay unit was first used 15 
years ago as the directional unit for 
an early-type reactance relay. Thus it 
can be said that “‘mho’’ applied to relays 
is a new term applied to an old principle. 


‘The mathematical justification for the 


term has been given in a paper? describ- 
ing the use of the mho unit in a carrier- 
current relaying scheme. The mho unit 
in its present form is a directional im- 
pedance unit whose accuracy is compar- 
able with that of the reactance ohm unit 
used in a distance relay. 

The mho characteristic (Figure 1C) is 
suited ideally for protecting long or 
heavily loaded transmission lines because 
it is much less likely to trip on power 
swings than the conventional reactance or 
impedance relays. Another desirable 
feature is that a relay for phase faults 
should operate only on faults involving 
the phase pair with which the relay is 
associated; all other faults or system con- 
ditions should not affect it. In Figures 
1A and 1B, the large tripping area of the 
impedance characteristics of the imped- 
ance and reactance relays shows that these 
relays are susceptible to power swings 
and faults in other phases (denoted by 
asterisks), whereas the snug fit of the 
mho circle around the fault area in Figure 
1C indicates that the mho relay effectively 
prevents tripping for power swings and 
for any faults but those for which the 
relay is set to trip. 

The fact that the mho unit combines 
sensitive directional action with accurate 
ohmic measurement means that one mho 
unit does what two conventional units 
did before. This not only eliminates the 
contact races that can occur between the 
directional element and the measuring 
element but obviously simplifies the cir- 
cuits to which the relay is applied. . 

With these advantages it might appear 
that the mho unit should be used uni- 
versally for all applications involving 
distance measurement. This is generally 
true, but there is a lower limit of imped- 
ance for which it can be set for reasons 
discussed later. Lines too short for the 
mho unit still must be protected by the 
reactance ohm unit. 

Several new relays will be described, 
some of which use ohm units and mho 
units to perform existing relay functions 


3878 TRANSACTIONS 


more efficiently and others to perform 
some new functions. In order to under- 
stand the operation of these new relays, it 
‘may be helpful first to consider briefly 
their operation and to compare their 
pickup characteristics on the impedance 
diagram. 


Relation Between Ohm 
and Mho Units 


First of all, it should be understood | 


that ohm units and mho units are merely 
refinements of the straight impedance 
relay. All distance relays measure the 
distance to a fault by comparing the cur- 
rent in the faulted circuit with the poten- 
tial across it. In the impedance relay, 
this is done by opposing the torques of 
two electromagnets, one having a current 
winding and the other a potential wind- 
ing (Figure 2A). The impedance meas- 
ured by such a relay is not always a true 
measurement of distance, however. On 
short lines the additional potential drop 
in an arcing fault tends to prevent the 
impedance relay from operating, and on 
long lines, the current may be high enough 
under load or power swing conditions 
relative to the voltage to present to the 
relay an impedance as low as that of a 
fault and cause undesirable tripping. 

This difficulty can be overcome largely 
by the use of the product-type relay 
whose torques are not proportional to cur- 
rent and voltage alone but to the products 
of I and E with a third quantity which, 
being common to both, does not affect 
the ratio balance E/I but provides phase- 
angle discrimination. This is shown 
schematically in Figures 2B and 2C, 

The flux from the additional pair of 
poles (shown vertically in Figures 2B and 
2C) acts in much the same way as the cur- 
rent or potential polarizing flux in a di- 
rectional ground relay, and for want of a 
better name it will be referred to in the 
following as a polarizing flux. 

The current polarizing flux in Figure 
2B goes from the upper J pole through the 
induction cylinder and the central core 
iron stacking to the lower J pole and in- 
duces a current in the cylinder which 
flows perpendicular to the plane of the 
paper up and down the sides of the cup 
opposite the other two poles. The current 
opposite the operating pole J reacts with 
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at an EI evade te 
the contact open. 

In the following paragraphs, it 
Bows © — the PEO of what w 


the Se difficulties of Bites 
ment but provides some interesting 
applications. Figure 3 shows th 
construction of a high-speed produ e | 
unit, the 4-pole induction n cylinder nate a 
Current Polarization ‘ao 
(Ohm Units) ih 


The torque is the product of ihe current 
polarizing flux times the fluxes from the 
opposed J and E poles. Hence the equa- 
tion for the operating point, which deter- _ 
mines the pickup characteristic, is ag 


I[KI—E cos (¢—6)]=0 (1) 


where K is a winding constant, ¢ is the ; 
phase angle of the protected circuit, and 
6 is the angle of the relay characteristic. 

Dividing through by J? and rearranging 
the terms, the equation becomes Z cos © 
(¢—6)=K. Thus the current polarizing 
winding makes the relay respond to im- 
pedance only at a particular angle which 
is determined by the phase angle of the 
potential circuit of the relay. For ex- — 
ample, a simple 4-pole induction cylinder — 
unit with a current polarizing winding, — 
reacting with a current operating pole and 
a potential restraining pole, operates on a 
component of impedance 20 degrees more 
leading than resistance. Such a relay 
(Figure 4) has been used as a blinder? for 
preventing other protective relays from 
tripping during very severe power swings. 
Two such ohm units, polarized in opposite 
directions, can be connected through 
auxiliary relays so as to detect an out-of- 
step condition after the first half swing 
period. 

Adding a capacitor to make the poten- 
tial circuit of the aforementioned unit at 
unity power-factor makes 0=90 degrees 
in the pickup equation, which becomes 
(E/T) sin $=K or X=K. In other 
words, the relay operates on reactance 
(Figure 5). 

The reactance relay is used where the 
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Bh it a gia 
are ‘resistance. is nee to be Shane 
with the impedance of the protected sec- 


operation of the impedance relay. The 
reactance relay ignores the arc resistance 
and hence is indispensable for short lines 
and for protecting against ground faults. 
- Potential Polarization 

2 (Mho Units) 


x 

4 With potential polarization, the torque 
is the product of the potential-polarizing 

_ flux times the fluxes from the opposed J 

E and E poles. Hence the equation for 

- pickup is 


ia E[I cos (¢—06) —K’E]=0 (2) 
My ‘or —K’E*+EI cos (¢—6)=0. Dividing 


Tripping characteristics 


Figure 1. 


A. Impedance unit 
B. Reactance unit 


C. Mho unit 


The relays trip in the shaded area. Crosses 
are conditions for which tripping is undesir- 


able 


through by £? and putting the K’ term 
on the right, we get Y cos (6—0)=K’, 
which is a straight line on an admittance 
diagram and thus represents a constant 
component of admittance, that is, the 
relay will pick up at a constant value of 
mhos at a certain angle and therefore has 
been called a mho unit. This is parallel 
to the case of the ohm unit which picks 
up at a constant component of impedance, 
as shown in the impedance diagram of 
Figure 4A. 

It is generally more convenient to plot 
distance-relay characteristics on an im- 
pedance diagram. The impedance equa- 
tion of the mho unit is obtained by put- 
ting the EJ term on the right side of the 
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“tion and hence likely to interfere with the _ 


i ' \ 

ones and dividing through by K’EI, 

which gives Z=(1/K') cos (@—6). 
This is the equation of a circle, of 


diameter 1 /K', which passes through the 
origin (Figure 6A). The impedance char- 


acteristic of a mho relay is therefore a 
circle passing through the origin. 

The fact that the characteristic passes 
through the origin means that the unit is 
inherently directional. The phase angle 
of the relay characteristic is the angle 0 
between the diameter of the impedance 
circle and the R axis. By making 6 
equal to or a little less lagging than ¢, 
the phase angle of the line, the circle is 
made to fit very closely around the fault 
area so that the relay is less sensitive to 
power swings and hence valuable for the 
protection of long or heavily loaded lines. 


x STARTING UNIT 
 (MHO) 


ge i ae ee 


< > ~.. REACTANCE 
We \ UNIT 


Figure 2. Sche- of *, GONFAGTS 


matic diagrams 


A. Impedance unit 
B. Ohm unit 
C. Mbho unit 


(A) 


Offset Mho Circle 


Since both the terms of the equation of 
the mho relay contain E, it would appear 
that the relay has zero torque when the 
potential is zero, as for a bus fault. This 
shortcoming is avoided in an instantane- 
ous mho relay by providing memory ac- 
tion in the polarizing circuit which main- 
tains the relay polarizing voltage E,,, for 
a few cycles after the line voltage has dis- 
appeared, but does not affect the ohmic 
characteristic. This will be apparent from 


the torque equation 
Eyal cos (¢-0) —K’E]=0 (3) 


Memory action cannot be made to last 
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long enough for the time-delay backup 


step, but the torque can be maintained in _ 


this case by adding torque caused by cur- 
rent alone. The functions of the third 
step of a distance relay are usually to 
start carrier blocking and to control the 
backup time-delay trip. Memory action 


is used to provide initially high torque to 
ensure starting carrier very promptly and 


the contacts are held closed after the 
expiry of the memory action by the cur- 
rent torque. The introduction of the 
current torque puts the KJ? term back into 
the equation of the mho unit, thus making 
it the general equation 


KI?—K’'E?+EI cos (¢—6) =0 
(See Appendix I.) 


The offset is secured by adding iS the 
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Figure 3. 
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line potential a biasing potential, IZ by 
proportional to the current, which has the 
effect of moving the characteristic imped- 
ance circle bodily by an amount Z,. 
Substituting #+JZ, for E in the equation 
for the mho relay, we get 


—K'(E+IZy)?+(E+1Zy)I cos (6—) =0 
(4) 


Dividing through by J?, the equation 
becomes 


—K"(Z+Zy)?+(Z+Z») cos (6—0)=0. 


or 


(5) 


tes ed 


Zcos($-20°)=K 


POLARIZING 


RESTRAINING 


Figure 4 


A. Characteristic of ohm unit (blinder) 
B. Schematic connections of ohm unit 


This shows that the characteristic circle 
is the same as before except moved 
through an impedance Z, (see Figure 7A). 

Figure 7B shows how the offset of the 
mho unit is obtained by introducing, in 
series with the supply potential, a biasing 
potential that is obtained from a reactor 
in the current circuit. Every point on the 
impedance characteristic of the unit 
thereby is moved through an impedance 
equal to that of the reactor. In order to 
reduce the burden imposed on the cur- 
rent transformers by the reactor, it is 
provided with two windings. The pri- 
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current circuit, and the secot 
ing with many turns is in the pot 
circuit. It is thus a contraction 


transformer and a reactor and i is de a 


transactor. 

This offset characteristic is particularly 
useful for out-of-step blocking because, 
with the opening of circuit breakers after 
a fault and hunting between two or more 
groups of machines, the impedance “‘seen 
by the relay” may approach the relay 
characteristic at almost any angle. Hence 
the only sure way of initiating out-of- 
step blocking is by a relay whose char- 
acteristic entirely surrounds the charac- 
teristic of the tripping relay as shown in 
Figure 8A. 


Relays Using Polarized 
Impedance Units 


/ 


A typical form of the polarized im- 
pedance unit is the 4-pole induction cylin- 
der unit, which is illustrated in Figure 3 
and has been used for ten years in the 
type GCX reactance relay. The front 
and back poles are respectively the cur- 
rent operating and potential restraining. 
The fluxes from these poles produce 
torque on the induction cylinder by re- 
acting with the currents induced in the 
cylinder by the flux from the side poles 
which have the polarizing windings. An- 
other sinusoidal torque is produced by the 

flux from the polarizing poles reacting 
with the currents in the cylinder induced 
by the operating and restraining poles. 
The second torque is equal to the first 
and displaced 90 degrees from it in time 
so that the total torque is not sinusoidal 
but continuous. This is one of the most 
valuable features of the induction cylinder 
and induction disc units and is an advan- 
tage not enjoyed by any other relay units. 
The pickup and dropout of induction 
cylinder units are practically the same, 
and their characteristic circles are very 
close to geometrical perfection. 

These units are available in three forms: 
the current polarized (ohm) unit, the 
potential polarized (mho) unit, and the 
offset mho unit in which the potential is 
biased from the current circuit. In the 
following paragraphs, uses of these units 
will be discussed. 


Applications of the Mho Unit 


ONE-STEP DISTANCE RELAY 


The simplest application requires a 
single-step mho relay, type CEY, one per 
phase. The mho units trip instantane- 
ously and are usually set to cover 90 per 
cent of the protected section, Backup 
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it can be set to cover more of the P 
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Figure 5 


A. Characteristic of reactance unit 
B. Schematic connections of reactance unit 


3. Its distance reach is not affected by 
variation in generation as an overcurrent ~ 
relay would be. 


4. It is relatively insensitive to power 
swings. 


DiRECTIONAL TIME OVERCURRENT RELAY 


Conventional overcurrent relays will 
not clear faults during periods of minimum 
generation if the short-circuit current then 
is less than the maximum load current 
with maximum generation, unless the 
settings of the overcurrent relays are 
changed between maximum and mini- 
mum conditions. 
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_ The substitution of a mho unit for the 
_ conventional directional unit solves this 
difficulty by permitting overcurrent set- 
tings of less than normal load to be used 
all the time. In other words, if the di- 
rectional relay has a voltage restraint, it 
_ becomes a mho unit and will not operate 
nor, with the usual directional control ar- 
rangement, permit the overcurrent unit 
_ to operate unless the impedance presented 
to the relay falls sufficiently to indicate a 
fault on the line. 
A widely used type of directional over- 
_ current relay has an induction cylinder 
_ directional unit with alternate potential 
and current coils around the cylinder. It 


a lt rs 
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(B) 
Figure 6 


A. Characteristic of mho unit 
B. Schematic connections of mho unit 


is necessary only to replace some of the 
current coils with potential coils to pro- 
vide an H? restraining torque, while the 
remaining coils provide the EJ directional 
torque and thus, change the directional 
unit into a mho unit. 

The directional overcurrent relay with 
this mho characteristic can be provided 
with current taps from 11/, to 6 amperes 
on the overcurrent unit instead of the 
usual 4- to 16-ampere taps. The more sen- 
sitive overcurrent settings permit opera- 
tion on low-current faults, and faster 
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operation can be obtained on heavy 
faults. 


THREE-STEP DISTANCE RELAY 


The conventional distance relay con- 
sists of a directional unit, a timing unit, 
and one or more distance measuring units. 
An instantaneous step and two time-delay 
steps are usually provided, the three steps 
being controlled in distance reach either 
by three distance measuring units (re- 
actance, impedance, or mho) or by one 
unit whose distance reach is increased in 
steps by the timing unit. 

The first zone unit is used for instan- 
taneous tripping of faults up to 10 per 
cent from the remote end of the protected 
section. The second zone unit clears 
faults in the neighborhood of the next bus 
in a delayed time, and the third zone pro- 
vides backup protection for the relays and 
breaker in the next section beyond. 


REACTANCE DISTANCE RELAY 


A typical 3-step reactance relay, type 
GCX, has essentially a mho unit for the 
directional unit so that it provides the 
third step of measurement. The normal 
setting of the reactance unit controls the 
first step. If the fault is beyond the 
range of the first step, the timing unit 
changes the setting of the ohm unit after 
a time delay to increase its reach and 
provide a second step. 


Muo Distance RELAY 


A typical 3-step mho relay, type GCY, 
is described in a companion paper.® It 
has three mho units per phase, Mi, M2, 
and OMs, for measuring the three zones 
and employs a separate timing unit. No 
directional unit is necessary because each 
mho unit is inherently directional. This 
factor provides more effective backup 
than where all the units depend upon a 
common directional unit; it also simplifies 
the circuit and reduces the number of 
contacts in the trip circuit. Figure 9 
shows schematically the d-c tripping con- 
nections for one phase. It can be seen 
that the zone 1 mho unit, Mj, trips di- 
rectly so that only a single relay contact 
is required between the battery and trip 
coil, which is the ultimate in simplicity 
and reliability. 

The third-step mho unit, OM3, of the 
GCY relay has a transactor which can 
offset its impedance characteristic so that 
it overlaps the origin, as shown in Figure 
7. If polarized in the same direction as 
the first and second steps, M,; and M2, 
the OM; unit can be used for out-of-step 
detection as well as for time-delay backup 
protection on lines in which the electrical 
center of the system is located. The out- 


Warrington—Ohm and Mho Principles 


y 


of-step Condition is detected by making 
the OM; impedance characteristic con- 
centric with the Mp, characteristic, as 
shown in Figure 8, and somewhat larger, 
so that the changing impedance seen by 
the relays during a power swing will al- 
ways operate the OM; unit before the 
M, unit. The OM; unit then is arranged 
to pick up an auxiliary relay with a small 
time delay; blocking is prevented on 


faults because the M2 unit de-energizes 


the auxiliary relay if the OM; does not 
operate first by the margin of the pickup 
time of the auxiliary relay. The aux- 
iliary relay generally is arranged to pre- 
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(B) 
Figure 7 


A. Offset mho characteristic 
B. Schematic connections of offset mho unit 


vent automatic reclosing after a trip on 
out-of-step conditions but can be used to 
prevent tripping. It should be remem- 
bered, however, that this is necessary only 
if the relay characteristic circle includes 
the electrical center of the system, be- 
cause a mho unit will not trip on out-of- 
step unless its characteristic is cut by the 
power swing locus. 

In the application of distance relays the 
first two zones are primarily intended to 
operate for faults in the protected line 
section only. Hence they are required 
to be directional and to operate only for 
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The third zone of the . distance relay i 
used for backup protection. As such, nee 
operates only in cases of failure to isolate 
a fault on some other line section than the 
A one covered by zone 1 and zone 2. Past — 
practice has been to set the third zone 


nit element at A of the relays on line AB so 
that it would operate for a fault at ‘C: 
(gee Figure 10A). This meant that the 
ae ohmic setting has to equal the line ohms 
from A to C plus the apparent increase in 
ohms caused by any fault current fed in 
P at B, Where the line AB is long i in terms 
‘aad s of secondary ohms, this often resulted in 


Figure 8 


A. Out-of-step blocking with offset mho unit 
B. D-c connections of blocking unit 


an ohmic setting that would not permit 
emergency loads to be carried. 

With mho relays, since each unit is in- 
herently directional, the third zone trip- 
ping direction may be the same as or 
opposite to that of zone 1 and zone 2, 
Hence where a third zone setting would be 
too high in ohms if set in the same direc- 
tion as zone 1 and zone 2, considerably 
better settings can be obtained by revers- 
ing zone 3. When this is done, the zone 
3 element at B on line A Bis set to operate 
for faults at C. The setting in ohms of 
each zone-3 element is decreased by the 
impedance of line AB by this reversal, 
while the over-all protective coverage 
remains the same. There is no loss of 
backup protection, since in either case, 
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‘be ceo that (alae of ihe a 
supply or the a-c potential supply could, 


if it remained undetected, prevent the 


backup relay from operating, but the 
conventional backup from the next sta- 
tion would not be affected by this condi- 
tion. The degree of possibility of such a 
condition must be weighed against the 
advantage of improved backup operation 


when the d-c supply and a-c potential are. 
- available. 


To summarize, with long lines, adequate 
backup coverage of the next section often 
requires such a high ohmic setting for 
zone 3 in the conventional direction that 
it may operate on power swings and 
emergency overload conditions. Hence it 
is generally advantageous to reverse the 
zone 3 unit for long lines, especially where 
some of the sections have tap lines. 

Also, where the mho relay is used with 
carrier, the OM; unit must be polarized 
in the reverse direction from the M, and 
M, units because carrier blocking is re- 
quired only for external faults. 

In the case of no tapped lines and no 
carrier, a check can be made graphically 
to determine whether the OM; unit may 
operate on power swings and hence 
whether it is necessary to reverse it. 
This procedure is described in Appendix 
II. In such cases a separate offset mho 
unit is required for out-of-step detection. 


OFFSET Myo RELAY 


The single-step mho relay can be given 
an offset characteristic by providing it 
with a transactor, as described under the 
heading ‘‘Offset Mho Circle.” It can be 
used for out-of-step blocking or backup 
protection in the same way as has been 
described for the OM; unit of the GCY 
3-step distance relay. 

When line-to-line faults are not cleared 
promptly, a power swing may start, and 
until the fault is cleared, there will be an 
asymmetrical condition wherein the im- 
pedance presented to the relays will be 
different in each phase. This impedance 
is a combination of the single-phase im- 
pedance of the fault and the balanced 3- 
phase impedance of the swing. If the re- 
lay happens to be connected in the faulted 
pair of phases, it will measure only the 
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Figure 10. The reversed backup characteristic 


A. The time zones 
.B. Tap lines saved 


tem is protected by high-speed relays and 
breakers, and it can be connected in any 
phase pair. On the other hand, on sys- 
tems protected by slow-speed relays and 
breakers, it is advisable to connect an off- 
set mho unit in each phase so as to ensure 
recognition of the out-of-step condition 
and to initiate the blocking as early as 
possible, 


Applications of the Ohm Unit 


Bus PROTECTION 


Where a bus section is separated from 
other circuits by reactors, as shown in 


Figure 11A, reactance ohm units have 
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generators and for the bus. Each genera- 


_ into, but not beyond, any of the bus-tie 
or feeder reactors, A fault ina generator 
_ will be cleared immediately because its 

ohm unit will measure reactance in the. 
- reversed direction. A fault on the bus 
} will disconnect all the generators because 
4 it will be within the ohm settings of their 

ohm units. 

. _ The main difficulty of conventional dif- 
_. ferential bus protection is the balancing of 
_ the current transformers in all the cir- 
i, cuits around the bus to ensure that there 


is nocurrent to operate the relay during an 
AS} 1 
ty 
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Figure 11 


A. Ohm units protecting a bus and genera- 
tors 
B. Ohm units protecting a bus and bus-tie 
reactor 


external fault. This difficulty does not 
appear with the ohm units because they 
are connected only to the current trans- 
formers in the generator leads. 

This form of protection also has been 
used for bus-tie reactors. Each reactor is 
protected by two reactance ohm units 
(Figure 11B) with their contacts in series. 
The ohm units are polarized away from 
the reactor so that a fault in the reactor is 
in the reverse direction for both of them 
and causes them both to trip and isolate 
the reactor. A fault on the bus also 
causes them both to trip and isolate the 
reactor. In addition, a fault on the bus 
causes both ohm units to operate, one 
because it is within its ohmic setting and 
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the other because the fault appears to it 
in the reverse direction. 


BLINDERS 


_ One application of the ohm unit is to 
extremely long lines where even the mho 
unit is not immune to tripping on power 
swings because the mho circle has to be 
large in order to cover the long line. In 
such a case, the straight line characteris- 
tic of the ohm unit may be arranged par- 
allel with the line impedance vector so as 
to cut off one or both sides of the tripping 
characteristic (Figure 12A) and confine 
the tripping zone to a strip wide enough 
to permit tripping on arc resistance. 

This scheme was the first attack on the 
problem of relaying long or heavily loaded 
lines? and is applicable to any form of 
relay including overcurrent relays. In 
most applications only one blinder is 
necessary because the major flow of power 
generally isin one direction. It is only on 
interconnections where the maximum 
power flow is the same in either direction, 
that two blinders are necessary. 


OvutT-oF-STEP TRIPPING 


When synchronism is lost, the imped- 
ance measured by a relay will pass through 
the line impedance vector from right to 
left if the relay is located at the leading or 
fast end of the system and from left to 
right if at the lagging end. Two blinders 
are arranged to operate an auxiliary relay 
if the impedance crosses the characteristic 
of one of them before the other, in either 
direction. This auxiliary relay can be 
arranged to operate an alarm, trip a 
breaker, or initiate some form of control. 

The advantages of this form of out-of- 
step relay are: 


1. Its operation is not affected by varia- 
tion in the location of the electrical center 
of the system. 


2. It will not trip under any fault condi-’ 


tions. 


8. Ittrips instantly after the first half cycle 
of system oscillation. Existing relays re- 
quire the machine to slip several poles be- 
fore they will operate. 


4. Distinction can be made between speed- 
ing up and slowing down of the local gen- 
eration. 


A single-phase relay is adequate for 
tripping on out-of-step because the regu- 
lar protective relays will trip during a 
fault. If the swing continues after the 
fault has been cleared or if the swing was 
caused by switching of load or generation 
without a fault, only a single-phase out- 
of-step relay is required for tripping be- 
cause all three phases act similarly. 
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Reclosing 


By means of auxiliary relays, reclosing 
is prevented after a time-delay trip and 
after a trip on loss of synchronism. The 
first is accomplished by an auxiliary relay 
whose coil is energized whenever the 
tripping circuit is completed through the 
timing unit contacts and whose contacts 
open the reclosing circuit; the connections 
of this relay are shown in Figure 5 of the 
companion paper.’ The second is accom- , 
plished by an offset mho unit in a manner 
already explained earlier in this paper 


under the heading “‘Mho Distance Relay.” 


A B 
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Figure 12. Characteristics of a pair of ohm 
units for out-of-step tripping 


Carrier Relaying 


The application of ohm relays to car- 
rier has been discussed in previous papers. 
The use of mho relays for carrier is the 
same in function, but the self-contained 
directional and power swing blocking fea- 
tures of the mho unit simplify the d-c 
circuits very considerably (Figure 9) and 
minimize the possibility of sneak circuits. 

Mho carrier alone was described in an 
earlier paper. When carrier is added to 
mho distance relays, it is necessary only 
to add two relays containing ground direc- 
tional and carrier auxiliary elements. The 
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chief difference between ws addition of 
carrier to mho distance relays and to im- 
pedance or reactance relays is the use of 


the reversed offset mho unit instead of 


the impedance unit for starting carrier. 
Figure 13 shows how the OM; unit of the 
3-step mho distance relay can provide the 
necessary blocking on external faults with 
the minimum tendency to operate on 
_ power swings and heavy loads. 

The OM; unit is extremely fast for 
an induction-type unit. Its minimum 
time is one-fourth cycle. The time 
with an average fault is about one- 
half cycle. This provides a considerable 

margin of safety between the starting of 
carrier by the OM; unit and tripping for 
an external fault by the Mz, unit of the re- 
lay facing the fault. 


Limitations of Ohm Units 
_and Mho Units 


For distance-relay applications, the 

phase angle of the ohm relay is adjusted 
to make it measure reactance and ignore 
the resistance component, and, hence, 
make it indispensable for very short lines 
where the arc resistance may be compa- 
rable with the line impedance. Like the 
impedance relay, the reactance relay re- 
quires a directional unit; this unit is usu- 
ally of the mho type and also serves as a 
backup for remote faults. The reactance 
telay is applicable to lines not subject to 
overload or power swing conditions which 
present an impedance low enough to cross 
the relay characteristic. Whether this 
will occur can be found only by calcula- 
tion of the swing impedance. If the sys- 
tem arrangement can be simplified to a 2- 
machine problem, Appendix II describes 
a simple construction for plotting the 
swing impedance. 
' The phase angle of the mho relay can 
be adjusted to be approximately the same 
as that of theline. This ensures the small- 
est reach at right angles to the line im- 
pedance vector, and hence the least ten- 
dency to operate on power swings that 
may be expected on long lines and on 
heavily loaded lines of medium length. 
The potential polarizing winding of the 
mho relay limits its application to long 
lines because, even with memory action, 
the torque is likely to be low on very short 
lines during second zone fault, after the 
memory action has expired. 

Arc resistance also places a limit on the 
shortness of a line to which the mho unit 
can be applied. Arc resistance increases 
as the current decreases and becomes 
more effective on shorter lines. This is in 
the same direction as the other limitation 
of minimum voltage to provide adequate 
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Floue 13. Carrier blocking with offset mho 
unit 


torque. Since the arc resistance limitation 
is more severe, we shall consider it in de- 
tail. 


Minimum LENGTH OF LINE 


From the ohmic characteristics in the 
companion paper? on the ‘‘Mho Distance 
Relay,” it will be seen that the accuracy 
of the GCY relay is within ten per cent 
variation down to eight volts at the relay 
terminals. This means that if the in- 
stantaneous zone is set to cover 90 per cent 
of the protected section, it may cover only 
81 per cent of the section if the section is 
so short or the fault current is so small 
that the JZ drop is only eight volts sec- 
ondary. Althoughin many cases a greater 
variation may be permissible, this value 
will be taken for the purpose of establish- 
ingalimit. It should be realized, however 
that this value has no relation to the 
ability of the relay to operate reliably on 
faults within the protected zone because 
the actual pickup of the relay is around 
11/. volts. 

Hence for accurate operation, IZ 
equals eight volts at the relay terminals 
for a fault at the ohmic setting of the M, 
unit. From this fact, we can determine 


. the minimum line length and fault current 


for which the relay can be set. Changing 
to primary phase to neutral values, we 
have IZ=8R,/+/3, where I is the mini- 
mum fault current, Z the ohmic setting of 
Mj, and R, is the ratio of the potential 
transformers. If M, is set to cover 90 
per cent of the protected section, which is 
L miles long and has an impedance of 0.9 
ohm per mile, then 


TXO9X0.0ba 
1154/3 
or 
_ 50kv ‘1 
= T miles 


In other words, the relay is applicable to 
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kilovolts. 


ARC RESISTANCE 


ceptable, but the intermediate ne 
ways must reach beyond the next 1 
that is, faults within the section must not. 
trip in zone 3 time, or selectivity between 
stations will not be possible. = 
In Figure 14A, R is the arc reer 
Z is the impedance of the protected sec- 
tion, ¢ is its phase angle (tan! X/R), and 
K is the fraction of Z by which the second _ 
zone mho unit M, reaches beyond the end ~ 
of the section. It is assumed that the 
mho unit characteristic is a the same — 
angle ¢ as the line. 
The circle in Figure 14A is he chisel 
teristic of a mho unit used for the second 
distance step and is assumed to reach a © 
short distance beyond the end of the pro- — 
tected section. It is noted that 


a+ >= 


(diameter)? 
therefore, 


R24+K?Z?—2KZR cos ¢+R?+Z?+ 
2ZR cos ¢=(Z+KZ)* 


2R*—2KZ?+2RZ(t—K) cos ¢=0 
oe. ae 
=5 | v’cos* (1 —K)*+-4K — (1—K) cos¢] 


which equals maximum arc resistance to 
permit zone 2 time or less for all faults 
within the section. 

If M: is set for 20 per cent beyond the 
next bus, K=0.2. Assuming ¢=60 de- 
grees, then, from the formula, R=0.29Z 
or Z=3.45R. 

The initial arc resistance, assuming 16 
kv per foot of insulator string and 440 
volts per foot of arc,‘ is 


440 
Raro Sey 


I pri 


kv y lls ee 
16+/3° ~1,000 kv 


1.83 
= ohms phase-to-neutral 
seco 


With a fault drawing five amperes. 
secondary, Rare= 1.83/5=0.36 ohm phase- 
to-neutral. Since Z=3.45R, from a pre- 
ceding formula, Z=1.24 ohms for the 
minimum secondary impedance of a line 
section that can be protected safely with 
mho relays. 

Where the line impedance is less than 
1.24 ohms secondary, each case should be 
examined individually. If there is a 
heavy short-circuit current, the arc volt- 
age will be less than 440 volts per foot. 
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Figure 14 


_~ A. Arc resistance shortens reach of mho unit 


 B. Effect of arc resistance reduced by lead- 
ing mho characteristic 


On the other hand, if the fault occurs near 
the station, the number of insulators may 
be higher and the arc resistance propor- 
tionately increased; furthermore, at low 
short-circuit currents, the volts per foot 
may increase to 600 or 1,000 and should 
be checked from the formula Rare= 
8,750L/I-4 ohms, where L is the arc 
length in feet. 

If the arc resistance is too high for a 
reasonable application, some leeway can 
be obtained on highly lagging lines by 
setting the mho relay characteristic at a 
less lagging phase angle than that of the 
line impedance. This permits more arc 
resistance anywhere in the section before 
the relay will fail to pick up (see Figure 
14B) or permits the normal application 
down to one ohm impedance. 


‘Conclusions 


The product-type impedance unit is a 
very useful relay tool whose flexibility en- 
ables it to cover the entire field of trans- 
mission line protection with simpler cir- 
cuits and better characteristics than here- 
tofore. 

The only limitations to the application 
of current and potential polarized units 
are those which prevent either from cover- 
ing the whole range alone. The natural 
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field for current polarized distance relays 


is short lines and ground fault protection; 


interphase faults on long or heavily loaded 


lines require potential polarized (mho) 


distance relays. 


Appendix | 


The characteristic of any ohmic relay on 


an impedance diagram is a circle. This is 
because the torque from any form of electro- 
magnetic drive is proportional to the square 
of the flux or to the product of two fluxes, 
and the fluxes in turn are proportional to 
the currents or potentials. The torque’ 
of a relay having current and potential 
windings must therefore be of the form 


KI?— K’E?+EI cos (¢—6) 


where K and K’ are winding constants, ¢ is 
the phase angle of the protected circuit, 
and 6 is the angle of the relay characteristic. 
At the balance point of the relay, the 
torque is zero and the equation for balance is 


KI?—K’'E?+EI cos (¢6—8) =0 


This general equation of a relay has the 
two main variables E and J, which can be 
reduced to one by changing it to an im- 
pedance diagram. 

Dividing the equation through by K’J?, 


- we get 
K Z cos (¢—8) 
Eee ee ea ee 


Transferring K/K’ to the right-hand side 
and adding (1/2K’)? to both sides, this 
equation becomes 


ee cos (—8) (1 yee 
K’ 2K’ (2K’)? 


This is the equation of a circle of radius 
V/1+4KK’'/2K , whose center is 1/2K’ 


from the origin at an angle 6 from the refer- 
ence vector R (see Figure 15). 

The constants K and K’ are functions of 
the turns, and so forth, of the current and 
potential windings respectively. These 
constants can be determined from the im- 
pedance circle by solving for K and K’ in 
the expressions for the radius and the loca- 
tion of the center. For instance, a 4-ohm 
circle at 60 degrees with one ohm offset in 
the direction of the origin has a radius of 
two and its center is one from the origin. 
1/2K’=1, or K’=1/2, and substituting 
this value in the expression for the radius, 
V1+4KK'/2K’, we get V/1+2K =2, or 
K=8/2. Hence the equation is 


SEE cos (p—60°) =0 


This equation is typical of the offset mho 
characteristic in Figure 7A. 


Appendix II. Power: Swing 
heck 


A simple geometrical construction can be 
used to determine whether a relay will 
operate during a swing condition. This 
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method assumes that the system can be 
simplified to an equivalent system of two 
machines separated by impedance. It de- 
termines the angle between the machines at 
which the relay will operate. Thus, it can 
be used to determine whether a reactance 
or impedance relay should be replaced by a 
mho relay, whether to reverse the third zone 
or not, or whether a blinder is needed to 
prevent the M, and M: units from tripping 
on a very severe power swing. 

Referring to Figure 16, AB is the im- 
pedance of the protected section, SA is the 


x 638-15 


f+ 4KK’ 


Figure 15. Impedance characteristic corre- 
sponding to general relay equation Kl? —K’E? 
+El cos (¢—6@) =0 


sa7-04 


CHARACTERISTIC 
OF RELAY ATA 


Figure 16. Construction for checking operat- 
ing point of relay on a power swing 


system impedance beyond terminal A, and 
BR is the system impedance beyond ter- 
minal B, 

Draw a perpendicular through the mid- 
point of RS. From the point K where it 
cuts the relay characteristic, draw lines to 
R, S, A, and B. RKS is the angle 0; be- 
tween the generated electromotive forces 
at R and S at which the relay at RA will 
trip. BKA is the angle 6 between the 
terminal voltages at A and B at which the 
relay at A will trip, and AK is the imped- 
ance it sees. 

The power swing locus is shown as a 
straight line. This implies equal generated 
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Synopsis: Power circuit breakers for volt- 
age services of 2,300 volts and above use 
either of two basic principles to complete 
circuit interruption. The more familiar 
types, oil breakers or compressed air break- 
ers, complete their operation by maintaining 
a low resistance arc until the final current 
zero where interruption is completed. 


_ Magnetic air circuit breakers establish a 


_ high resistance arc prior to circuit interrup- 
tions which modifies the circuit constants 
before recovery voltage is established. The 
“Magne-blast”’ breaker falls in this second 
class of breakers. The treatment of the arc 
in this breaker to obtain a high arc resistance 
is explained in some detail. Also, design 
practices and operating characteristics of 
the final magnetic type breaker are re- 
viewed. 


N studying the various types of circuit 

interrupters in power circuit breakers 
and the principles on which they operate, 
it becomes apparent that these interrup- 
ters can be placed in one or the other of 
two classes: 


1. Low-arc-resistance interrupters whose 
arc resistance is maintained low until current 
zero and then is transformed suddenly into 
or replaced by a high-resistance dielectric. 


2. High-are-resistance interrupters whose 
arc resistance is increased gradually to such 


electromotive forces and no line capaci- 
tance. These assumptions simplify the con- 
struction and have negligible effect on the 
angles @ and 6; at which the relay operates. 


References 


1, THE Muo CarrieR RELAYING ScueEmME, R. E, 
Cordray, A. R. van C. Warrington. AIEE Trans- 
ACTIONS, volume 63, 1944, May section, pages 
228-35. 


2. PROTECTIVE RELAYING FOR LONG TRANSMIS- 
SION Lines, A. R.van C. Warrington. AIEE Trans- 
ACTIONS, volume 62, 1943, June section, pages 
261-8. 


3. THE Muo Distance Re ay, R. M. Hutchinson. 
AIEE TRANSACTIONS, volume 65, 1946, June sec- 
tion, pages 353-60. 


4, INTERESTING Facts ABouT Powrr Arcs, A. R, 
van C. Warrington. General Electric Company 
Relaying News, January 1941. 


5. A CONDENSATION OF THE THEORY OF RELAYS, 
A. R. van C. Warrington. General Electric Review, 
volume 43, number 9, September 1940. 


386 TRANSACTIONS 


B. W. WYMAN 


ASSOCIATE AIEE — 


} i 
a high value prior to current zero that arc 
re-establishment is made impossible follow- 
ing current zero. 


Low-Arc-Resistance Interrupters 


Power circuit breakers rated 2,300 volts 
and above generally have functioned as 
low-arc-resistance interrupters. They are 
recognized as oil blast breakers, im- 
pulse breakers, air blast breakers, and so 
forth. These breakers interrupt the cir- 
cuit by drawing a short low-resistance arc 
in some type of control chamber where a 
blast of insulating fluid is directed at it. 
To complete the interruption at current 
zero, the low resistance of the are gap 


must be replaced abruptly by a high- - 


resistance dielectric. This type of inter- 
ruption can be understood best by refer- 
ence to the typical oscillograms of a short- 
circuit interruption shown in Figure 1. 
In this oscillogram the breaker contacts 
part at ¢ and the short-circuit current J 
is interrupted at 4. During the arcing 
period (¢, — ¢,), the arc resistance remains 
so small that the arc-resistance voltage 
drop e, at no time rises to more than a 
few per cent of the. generated voltage 
(shown dotted). The introduction of 
this low-are-resistance voltage drop into 
the circuit does not affect appreciably 
either the magnitude or the phase angle 
of the short-circuit current.* 

For the circuit to be interrupted as the 
current passes through zero at 4, the fluid 
blast suddenly must increase the low re- 
sistance across the contact gap by cooling 
or displacing the hot ionized arc products 
to prevent arc re-ignition as the system re- 
covery voltage rises following current 
zero, 

Immediately following current zero at 
, the voltage across the contacts begins 
to rise to the system-generated voltage, 
which at this instant is at its crest (zero 
power-factor fault). Because of the 
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able for printing December 27, 1945. 
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a microsecond ti 


a) thip frequency i is ean to 4 J 
é im 


r 
f “2rx/LC 


The high frequency euncent reco\ é 
voltage-oscillation superimposed ‘ ee 
the 60-cycle crest voltage causes the ips 
voltage appearing across the contact gap. Fp 
to approach two times the normal cr st bY 
voltage on the first oscillation. A tan- — 
gent erected to the first oscillation crest, 
as shown in Figure 2, determines the rate 
of rise of recovery voltage. On the high- 
est frequency circuits, this rate-of- rise 
tangent may equal several thousand volts 
per microsecond. 

The fluid blast in the low-are-resistance: 
type of interrupter must increase the 
insulation strength between its contacts 
immediately following current zero fast 
enough to withstand this rate of rise of 
recovery voltage to prevent are re- 
establishment after current zero. As the 
actual rate of rise of recovery voltage en- 
countered in practical applications varies. 
between wide limits, various configura- 
tions of low-arc-resistance interrupters. 
have been designed to insure the required 
fluid velocity to interrupt the highest 
recovery-rate circuits. 

In many breakers using low-arc-resist- 
ance interrupters in which the high- 
velocity fluid blast bodily displaces the 
low resistance-are gases, the resistance of 
the are gap rises abruptly at current zero- 
to substantially infinity immediately 
following current zero. These breakers 
are capable of withstanding rates of rise 
of recovery voltage higher than any 
which can be encountered in service and. 
can be duplicated only in the laboratory. 

In other breakers using low-arc-resist- 
ance interrupters, an auxiliary resistor is 
inserted into the circuit following the 
current zero to limit the rate of rise of re- 
covery voltage. Such resistors, shunted 
into the circuit in parallel with some por- 
tion of the contact break, absorb the 
energy of the transient voltage-oscilla- 
tions. Applications as now practiced are 


4 


<< 


*The actual instantaneous values of arc resistance 
*a@ are proportional to the are length and are an in- 
verse function of arc current because the arc diam- 
eter increases and decreases with current. As the 
short-circuit current approaches zero, ra will in- 
crease proportionately, but the voltage drop in the- 
are éa, which equals ia ra, will remain low. 
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; Figure 1. Typical short-circuit. interruption 


by low-arc-resistance type of interrupter (fluid 
blast) showing high-frequency transient im- 
mediately following interruption 


: _E=generator voltage 
a !=short-circuit current 


act 
a 


, 


3 


4 


‘@q=arc voltage drop (small on account of low 
‘arc resistance) 
recovery voltage 


e;=transient appearing 


{ across contacts of breaker immediately follow- 


ing interruption 


” ty=instant of contact parting 


t; =instant of circuit interruption 


successful in holding the rate of rise of re- 
covery voltage to moderate values, defi- 


__nitely limit the severity of circuit tran- 


sients, and reduce the rate at which gap 
resistance must be built up across the 
contacts. 

Such resistors also have proved of value 
when interrupting faulted circuits to 
stabilize the clearing of transmission lines, 
discharging the capacitance charge re- 
maining on the line faster than the gener- 
ated voltage reverses and thereby pre- 
venting possible restriking at the breaker 
contacts because of excessive overvoltage 
stresses.” 


High-Arc-Resistance Interrupters 


The high-are-resistance interrupter, as 
contrasted with the low-arc-resistance in- 
terrupter, builds up a high arc resistance 
prior to current zero, thereby modifying 
the circuit current and achieving an early 
interruption by advancing the current 
zero to, or near, the recovery voltage zero. 
The rate of rise of recovery voltage also is 
held to very low values, a factor which 
permits the build-up of insulation across 
the electrodes at the moderate rates 
achieved by rapid cooling of the arc 
column. The more successful interrup- 
ters of this type are recognized as mag- 
netic-type circuit breakers. 

With any magnetic-type air circuit 
breaker, the arc magnetically is forced to 
loop away from the contacts and may 
travel out on diverging arc runners where 
its length is further increased many times. 
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s the arc is lengthened and cooled, its 
resistance increases rapidly so that the re- 
sultant resistance voltage drop in the arc 
column becomes an appreciable percent- 
age of the total circuit voltage. This 
high-resistance-arc drop has a two-fold 
effect on the short-circuit current: 


1. It reduces the magnitude of the short- 
circuit current to a fraction of its previous 
value. — 


2. It improves the power factor of the cir- 
cuit bringing the current more nearly into 


phase with generated voltage, causing the 


current zero to occur near'a voltage zero 
rather than its normal 90-degree lagging 
or crest position. 


These effects can be seen best by 
reference to the typical interruption with 
a magne-blast breaker shown in Figure 4. 
Here the voltage drop in the arc column 
rises at a rate of several thousand volts 
per half-cycle so that the short-circuit 
current in the last half-cycle is reduced to 
approximately half its original value. 
Moreover, the introduction of the arc 
resistance into the circuit has advanced 
the current zero from the normal crest 
point on the generated voltage wave, in 
this case to approximately one-half crest 
voltage. 

_As the instantaneous system voltage at 
the point of current zero has been reduced 
greatly, the amplitude of the high-fre- 
quency oscillation is reduced correspond- 
ingly. This reduction in amplitude of 
the high-frequency oscillation will reduce 
the circuit rate of rise of recovery voltage 
in direct proportion even if the resistance 
of the arc column were raised to infinity 
immediately following current zero. 

In this type of breaker, however, it has 
been found that the long hot gaseous post- 
are stream between the are runners im- 


| 
| RATE OF RISE 


| 
IEp 


POINT OF INTERRUPTION 


Figure 2. Transient recovery voltage across 
contacts of low resistance breaker following 
interruption. 


The dotted line tangent to the first oscillation 
is the rate of rise of recovery voltage 
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BREAKER 
CONTACTS 


L=INDUCTANCE OF CIRCUIT 
C=INHERENT CAPACITANCE OF CIRGUIT 


Figure 3. Simple single-frequency test-circuit 
art 
Oscillating f cy =f =——$—— 
scillating frequency on JLC 


Figure 4. Typical short-circuit interruption 

by high-arc-resistance type of interrupter 

(magne-blast) showing high-arc-resistance volt- 

age drop during arcing period which results in 

marked reduction in both short-circuit current 
and transient recovery voltage 


E=generator voltage 

!=short-circuit current 

@a=arc voltage drop (high on account of high 
arc resistance) 

e;=transient recovery voltage 

ty =instant of contact parting 

t;=instant of circuit interruption , 


mediately following current zero affords 
an excellent resistor further to damp out 
recovery voltage-oscillations. Although 
the resistance of this cooling column of 
are gases r, increases to infinity in a few 
hundred microseconds after current zero, 
it is a recovery-rate-limiting resistor just 
after current zero, fully as effective as the 
auxiliary resistor used with some types of 
low-are-resistance interrupters. The 
manner in which the pre-current zero arc 
resistance varies during the current-zero 
period as plotted from a typical interrup- 
tion is shown in Figure 5A. 

The resistance r,, of this cooling gaseous 
column immediately following current 
zero will vary with 


1. The design of the are chute, which deter- 
mines the rate of cooling of the hot gases. 


2. The magnitude of the current being 
interrupted, which determines the cross 
section of the hot gas column. 


The initial resistance of this hot gaseous 
column varies inversely with the short- 
circuit current being interrupted. This 
means that the maximum rate of rise of 
recovery voltage which can appear across 
the breaker terminals will decrease as the 
value of short-circuit current is increased. 
Figure 5B shows how this resistance 7, 
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Figure 5A. Increase in resistance of are 
column during instant of current zero on an 
actual interruption by a magne-blast breaker 


immediately following current zero varies 
in a 5-kv 100,000-kva breaker. 

On circuits having very low inherent 
capacitance C and high natural rates of 
rise of recovery voltage, the resistance of 
this cooling arc column rg will damp out 
entirely the oscillating frequency. Todo 
this, the ohmic value of rz must be less 
than the critical damping resistance of the 
circuit, or 7, < 2WL/C. 

The total effect of the high-resistance- 
are type of breaker on the rate of rise of 
recovery voltage appearing across its 
terminals may be seen by reference to 
Figure 6. Here is shown the rise of re- 
covery voltage following an interruption 
with a magne-blast breaker extended to 
microsecond scale. For comparison, the 
dotted curve shows the recovery oscilla- 
tion which occurs with a low arc resist- 
ance interrupting the same circuit at a 
crest voltage point and without benefit of 
arc resistance following current zero. Be- 
sides the radical reduction in the rate of 
rise of recovery voltage shown with the 
magnetic breaker, the first peak of tran- 
sient recovery voltage-oscillation is re- 
duced from 1.9 times normal crest to 0.35 
times normal crest. 

The magne-blast breaker has proved 
that the operation of magnetic air break- 
ers, when properly designed, is inde- 
pendent entirely of natural oscillating 
frequency or inherent rate of rise of circuit 
recovery voltage. 


Development of High-Arc- 
Resistance Interrupter Designs 


There have been many interesting at- 
tempts to develop pure resistance inter- 
rupters that might function with little or 
no arcing. Several years ago the authors 
made and tested a resistance interrupter 
designed to interrupt high values of alter- 
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Figure 5B. Variation of arc column resistance 
Yq following interrupting current zero versus 
short-circuit current being interrupted 


LOW-ARG-RESISTANCE 
BREAKER 


—<_ — — -—-— 
_— -—— 
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MAGNE-BLAST 
BREAKER 


Figure 6. Transient recovery voltage ob- 
tained with high-arc-resistance breaker (magne- 
blast breaker) shown full as compared with 
transient recovery voltage of low-arc-resistance 


breaker (fluid blast) shown dotted 
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pure copper, thr 
to carbon clays, . 
clay. It was to f 


circuit. Although the t 
demonstrated the need fort : 
commutation before arcing 
eliminated at high currents, they di 
firm the value of resistatice as an 
rupter. In a later investigation th 
itself was used as a suitable commutat: 
“brush” to insert a series of cer ‘ 
sistance rods into the circuit. These re- — 
sistance rods were U-shaped and were so 
arranged that a series of arcs would 
travel up between them to insert their re- _ 
sistances into the circuit being inter- 
rupted, as shown in Figure 8. The sepa- — 
rate series arcs were moved up these elec- 
trodes by concentrated magnetic fields. — 
This arrangement was acceptable in its — 
performance up to 100,000 kva at 5,000 ; 
volts. A careful analysis of its operating 
characteristics, however, showed that the 
series arcs were contributing the major 
portion of the resistance required for suc- 
cessful interruptions and that the complex 
ceramic resistance rods hardly were justi- 
fied. This was true particularly if the 
arcs were controlled properly. Success- 
ful air breakers have been built using re- 
sistance arc runners, but even in these de- 
signs the are contributed much more re- 
sistance than did the runners. 

These early studies firmly established 
the value of a controlled and confined are 
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Figure 7. Graduated resistor breaker made 
up of gradually increasing resistance elements 
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Figure 9. Interleaving fin type of arc chute 
obtaining arc lengthening in more than one 
plane by serpentine configuration 


in air as a controllable resistor for the in- 
terrupters of power circuit breakers. A 
study then was initiated to determine the 
most effective way of controlling and con- 
fining the arc to establish the proper high- 
resistance characteristics. 
There is a history of successful low- 
voltage air breakers (600 volts and be- 
low) that operate as high-arc-resistance 
interrupters. The most common ar- 
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Figure 8. Disassembled arc chute of high 
voltage breaker using U-shaped resistor rods 
inserted in circuit by short arcs 


The photograph was taken after high-current 
tests 


rangement is recognized as the plain 
break low-voltage circuit breakers where 
the arc is established between separating 
electrodes and is cooled and extinguished 
in open air, Although such circuit break- 
ers are satisfactory interrupters, given 
sufficient space and time, they are limited 
in their physical applications because of 
the long arc in open air required to estab- 
lish sufficient resistance. 

More modern breakers of this low-volt- 
age class, which can be classed as high- 
arc-resistance interrupters, increase the 
resistance of the are per unit length by 
increasing the arc-cooling by either one of 
two methods: 


1. Forcing the are into a series of cold 
metallic pins or plates which cool it and 
break it into several shorter arcs. 


2. Forcing the arc between closely spaced 
sidewalls of cool ceramic insulation. 


When attempting to cool the arcs of a 
breaker for higher service voltages (2,300 
to 15,000 volts) to extinction, it soon be- 
came apparent that the necessary arc 
length in a metallic pin or plate-type arc 
chute requires greater physical dimensions 
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Figure 10. Variation in arc cooling with. 
spacing between insulating plates ~ 
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Figure 11A. Variation in arc velocity with. 


arc current in constant transverse magnetic field’ 


of 400 gausses 


642-8 
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Figure 11B. Variation of arc velocity with 
transverse magnetic-field strength of 200-. 
ampere arc between parallel are runners, 


than the compact design of switchgear- 


equipment for these voltages now affords. 
Neither can insulating-plate types of are. 
chutes for these voltages be accommo- 
dated to obtain sufficiently high arc re- 


sistance in the allowable spacing of 


modern metal-enclosed equipment if all 
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Figure 12A. Poor transverse magnetic-field 
distribution over area of arc chute resulting 
from use of single strong magnetic blowout coil 


Figure 12B. Improved transverse magnetic- 

field distribution over area of arc chute with 

three magnetic blowout coils distributed along 
arc runners 


arc lengthening is performed in one plane. 
When attempts were made to elongate 
and confine the arc between closely 
spaced insulating plates in more than one 
plane, it soon was realized that a high-are- 
resistance type of interrupter could be 
practical for power circuit breakers. The 
final arrangement established an arc be- 
tween electrodes at the throat of a 
specially constructed arc chute that would 
force the arc up between interleaving 
fins of ceramic insulation. This arc 
movement forced it into a closely con- 
fined serpentine pattern of considerable 
length. 

In 1939 the first magne-blast breaker 
for voltages up to 5,000 volts was pre- 
sented before the Institute. It used a 
specially designed arc chute with tapered 
insulating fins alternately spaced from the 
inner sidewalls to form an interleaving 
path for the arc column. As the arc 
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column is forced ae into ais’ 
chute, it is folded back and forth between 


these fins to extend its length to many 


times the longitudinal distance between — 
the arc runners, as is shown in Figure 9. 


By this construction, an are chute with 
a one- foot spacing between are runner 
tips creates an arc path several feet in 
length, depending on the length and 
amount of overlapping of the interleaving 
ceratnic fins in the chute between the run- 
ners. Besides greatly increasing the 
length of the arc, these closely spaced fins 
come into very intimate contact with the 
are column, flattening it out of its natu- 
rally circular cross section. The intimate 
contact thus effected between the high- 
temperature arc column and the cool sur- 
faces of the fins extracts heat from the 
boundary layers of the arc column at a 
rapid rate, giving a high arc-resistance per 
unit length. Suits has shown the rate of 


cooling in an arc column to increase as 


fins are brought closer together in accord- 


ance with the curve shown in Figure 10. 


The cooling rate of the arc by the 
closely spaced fins determines the voltage 
drop per unit length ¢ in the are column. 
The total voltage drop in the arc column 
€, is equal to 


a= el 
where 


ég=total resistance voltage drop in arc 
column 

é1=resistance voltage drop per unit length 

1=total length of arc 


The total arc-resistance voltage drop e, 
required for circuit interruption of a given 
current is directly proportional to the sys- 
tem voltage E,,. This may be demon- 
strated easily by connecting two arc 
chutes in series and noting the double 
voltage which may be interrupted. If 
the fin spacing which determines e, is held 
constant, it is then necessary to increase 
the total arc length / in direct proportion 
to the circuit voltage. As the number of 


Figure 14, Actual photographs taken with 
Rankin high-speed camera showing arc behind 
windows 
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THE INTERRUPTER 

The material from which these fins 
made is a highly heat-resistant dielectric 
developed specially for magnetic-breaker 
arc chutes. As the temperature of the 
arc column is several thousand degrees. 
centigrade, it loses its heat to the fins by 
forming a thin molten glaze on the fin 
surfaces. Immediately following the 
passage of the arc, this glaze solidifies and > 
its heat passes into the body of the chute. _ 
The relatively great mass of the chute © 
provides sufficient thermal storage to : 
accept repeated operations far beyond any 
service requirement. Because this phe- 
nomenon is one entirely of thermal con- 
ductance, there is no physical change in 
the arc chute. As the same thickness of 
glaze becomes molten and solidifies on 
each operation, no deterioration in the 
materials of the arc chute is apparent 
during the life of a circuit breaker. 


Figure 13. Test setup of magne-blast breaker 

with small quartz rods projecting into side of 

arc chute to serve as windows for taking high- 
speed photographs 
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Figure 15. Cross section of piston air booster 
and movable contact 


The faster the arc is moved over these 
fins of the arc chute, the cooler the fin 
surfaces will remain and the greater is its 
cooling effect on the arc. This arc speed 
is a function of both the current flowing in 
the are column and the strength of the 
_ transverse magnetic field. Figure 11A 
shows the variation in velocity of an arc 
in free air when only the current is varied, 
while Figure 11B shows the velocity varia- 
tions of an arc in free air when the trans- 
verse magnetic field is the only variable. 

It is apparent that a strong uniform 


magnetic field must be established over: 


the entire working area of the arc chute 
for maximum are-chute efficiency. To 
obtain maximum field-strength uniform- 
ity in the larger arc chutes for the higher 
voltage breakers, it is necessary to use 
several blowout coils distributed along the 
arc runners. Several small blowout coils 
have proved much more effective than a 
single powerful coil because the magnetic 
field strength decreases rapidly with the 
distance away from the coil as a result of 
leakage flux. This can be seen by refer- 
ence to Figure 12A which shows the poor 
field-strength distribution which is ob- 
tained over an 18-inch arc chute with a 
single strong blowout coil. The low flux 
density reduces materially the arc speed 
at the extremities of the chute. This 
would cause arc slowing or arc lingering 
near the chute extremities, resulting in 
high local heating and poor arc cooling. 
The addition of two more blowout coils, 
as shown in Figure 12B, improves this dis- 
tribution considerably and maintains a 


June 1946, VOLUME 65 


7 Figue 16: eae of — 


(solid curve) as com- 


arcing time versus 
current of arc chute 
with piston booster 


pared to arcing time 
without piston boost-_ 
er (dotted curve), 
showing drastic re- 
duction in arcing 
time at lower values 
of short circuit in 
magnetic air breaker 


ARC LENGTH-CYCLES 


PTT 
ae tH su! 


Figure 17. Complete line of magne-blast 
breakers rated 50,000 to 500,000 kva for use 
in vertical lift metal-clad switchgear 


high arc speed over the entire working 
area of the arc chute. 

To study better the effects of localized 
magnetic blowout’ coils on arc speed, a 
special high-speed motion-picture camera 
developed by Mr. Rankin was used to 
photograph the movement of the arc 
through the chute. The extreme speed of 
this camera (120,000 frames per second 
maximum) is capable of recording the 
position of the arc as it passes by tiny 
quartz windows scattered across the chute 
sidewalls. Figure 13 pictures the set-up 
of a magne-blast circuit breaker used for 
this investigation. The windows are 
5/16-inch-diameter quartz rods which 
project through the magnetic side plates, 
insulation, and are-chute side and are 
flush with the inner ceramic surface. 
Actual photographs showing this recorded 
arc travel are shown in Figure 14. 

The faster the arc moves into the arc 
chute, the more rapidly its resistance will 
increase, resulting in a more rapidly in- 
creasing arc-resistance voltage drop é,. 
The more rapidly e, rises, the greater will 
be the reduction of short-circuit current 
Z, and the shorter the arc duration ft — 4. 
For very high rates of increase in arc 
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Figure 18A. Oscillogram of 3-phase short- 

circuit interruption at 560,000 kva, 13,000 

volts, showing large reduction in last loop of 
short-circuit current prior to interruption 
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Figure 18B. Oscillogram of 3-phase short- 
circuit interruption at 550,000 kva, 14,500 
volts 
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a Table I. Performance Characters of Magne-Blast Circuit Breakers 


Maximum | Cyel 


ra Maximum Maximum — Rms fia Trip to 3-phase 

Type of Circuit Peak Rms Amperes Cycle Arc Inter-_ Kilovolt- 

Test Voltage ‘Amperes Amperes in Arc Duration ruption Amperes 
500,000-Kva Breaker, 15 Ky . 

C IASBO0 depts 242-800 aes 1 .660sc5.8. ser SG) i oo ANSE A wee . 40,000 
14,500)... ANSOOY ichters « 2 B00. c reaioe 2,900 hase ED) sie eiteteven) 3. Daateleere'«)s 73,000 
14,500...... NEO OSS Aig cae 8100S epic eee DOO me. 1 cere AL PV ay etoile esha etsdnor cocke 190,000 
1426500 eee 22), 000% re essere 13,300... LO;ZOOR shits oc OES rt iets ispents Sis Asietes teleke 260,000 
T4500 Fee eae 30;000 5 cits « 18,200 V5 BOO ertereia es Osi. ols eles « Dkr eeees 400,000 
14,500...... 55,000,......33,000 a 22.000 ree Oe acioi BRD ees ao DU,000 

aw HOUC Eas ote GUMIW OE cise AQ OOO Seiciniciore noe OOO cur terctons GAD ebare lee eveuare B00.uene 7 000,000 
6,500 Menton LUD 000 5.05.55. 70,000 Nase eee AGiO00F iene os WWaiveins Goan NBM eee D20,000 
6,500; secon LO; 0005s ere 70;000 55.26%. 744;0008 5 5 sc: 3 Oxiavelerelnyoiale 2. 8. ilgie aio 500,000 
250. 000-Kva Breaker, 15 Kv ‘ 
C 14, S00 fd BTSOO er etes«. cre DO We v clchelere SO00R rei S.asaisaleets Be teistere/cots 75,000 
a W006 Rae 145500 206+ TOD siers ost stem OOO sraeete stereo bE Fern e OG oid DiuiOercpeeieete 175,000 
k4 DOO srercoveie 2 OOO a ieri<r's P3000 meter THR nesadad OE Oar aarethenste Dee wietatestale 280,000 
AT O00% cere = 423,000... 33. 20 OOO vases 4 1(3)-7-10) 0A esa OS Garscstesratera Biiicionteenteats 310,000 
GsG00n teers 46000). ices 27,000 pene 2 O00 seeetersis ORS re evpteayers Bi Di ataete octet 260,000 
T1000. cere A0;O00Ssietate 22/000 eset NS, LOO siete One: dr ABC Dee eee 20000 
65600 sae. 48,000....... 27; 000 Xas\cc susie 23000 cn arecters 0.8 hi cer Boannecc AOR ues) 
250,000-Kva Breaker, 5 Kv 

(O)e4 cannes S000 neers 3400. scree 3; 200%, <creers ee Pa U SA doo a6 TOM. rele cele SB itectgionts 20,000 

Oa acta (sic 5,000 521. cies 24 000K). ceeie TA54Z00 re ststarets LI GOO Ue creer ere ME Oiaereidieneiete BAO stec0'e sisi 100,000 

One sete S000 Fee 47,000,...... 28,000 si ireteisve c 23000 ns eeicisteres OS Deneterehe alors DEO var steer 200,000 

Octehtsntels 5000) se crews 65,000......... 38,000 Rie oT OOO Science als eye Ovo ocaso ZG o tare ieee 290,000 

COW Brest. 45200 ee 84: 000). Ristersieie SO /000F enc iten S4;000 Nice cise» Oe Aetates elas Dad okisie stents 250,000 
150,000-Kva Breaker, 5 Kv . 

Oeeeer ‘5000 eure al 200 corse 20S cena Gly Saeaeamn YAR ACLnidG itr ao 5,300 

Ons sey GROOM RG boos UENO ac can BOO acre GH Useetann ces A ee seuete totes Dis Lsis.avasers ote 57,000 

Ohaacaace O00. cise 29,000 iierascfarece 17,0005. tecters 14,400......... OPS yatereron ares OTB « eR A 130,000 

8 abe D000) 5 oie or 460007. 3-4 Zt OOO Mantes oe PAID US soaedon 4) Bines Srerrersas DADs wrotteteke 180.000 

COWeeace DOUG. Ai erate 63,0005 ee Bt 000s aetes 20000 temic crete AL aD cretor aveketoee BQ) sc oo 170,000 
COM ie sice OOO rakes 66 S0000 tne 49,000........ BS,000 se cies 0 On iis asrermecle DI a iate deateterere 150,000 
100,000-Kva Breaker, 5 Kv 

(Oaas aden 8,000. Sse. 1 DOO ce rercteve ss LL ee O40 crete Dick ieee ae A 4 Son cate 8,100 

Oa ocieterets 5000.22... 1353000. ene ih OOeAceciate 6: 700 riateterens st 5 ORS ic roneietercle Di Bisster Merete 49,000 

Oenris sive ‘50007 acter ZOIOOO KN. relator, N7eO OO Meterisatere 14,400......... Oat ieineo toro Dj: Biers oareletele 130,000 

CON -aasee 3,000... exes ZS OOO neni UG) OO scteoe sacs T5600 rscarses > « OGcrncteas dere Dledistets,< c'e ere 110,000 
COL fe cenc 2.300). a cciee 55,0005 ce ce. = 33,000 5 sy-res<i sre) BD OO) ceiels,2 8 as (UE RRIAIG oro D2 Eh See eee: 100,000 
50,000-Kva Breaker, 5 Kv 

Orcas been D000)... aces 1 BOO fastens SLO 5 ais 004s 10 GIO vee leis De Oroe esata 4 OA a8. 6s Nate 6,000 

Onesies 5,000. 5 000%. eine OOO areictaete 2,300 Mee scrice = LOR cette Bis Les scacaseiace 20,000 

(GesAaooue 50007) .ccs ESS AOU Aisin DA00 Te cs chan 6,300 Peatecit-t ithe cleteke Si iGudeec aie 55,000 

(OM%ancdans gO Mice are 32,000 ).< ses LT DOO isietetietes 13,200 er Ons RAK gee 53,000 

COP reso. 4200.33 02 14 GOOs.a.% .e SI SOOMelenietere Ws20 Qe. ccremteters ALY Olsuctal sfatarane BoA erereccciers-« 54,000 
COS Set 2,300 F sts cece 32,0005. cr. <ies LO 200 F aeisrctarete 13800 wees es dicale c s.cteuters Da sec ss crore 55,000 


*The above table is a tabulation of actual test data on various ratings of magne-blast breakers. 


voltage, as obtained in the magne-blast 
breaker with its strong uniform magnetic 
field, the total energy liberated is kept 
low and the over-all temperature rise of 
the are chute is limited to a few degrees. 
The total energy liberated in the arc 
chute during an interruption is equal to 


Total energy = WP gigdt 
where 


€,4=instantaneous arc-voltage drop 

%q= instantaneous arc current 

fo =time of arc initiation (contact parting) 

t; =time of arc interruption . 


At low currents, however, the magnetic 
field strength from the series blowout 
coils is very weak, which would result in 
low are speeds and long arc durations if 
this magnetic field were the only driving 
force. Magne-blast breaker contacts are 
equipped with simple air-piston boosters 
to supplement the magnetic field with a 
blast of air as the contacts part. On 
light currents the arc, therefore, is car- 
ried into the interleaving arc chute with 
approximately the same speed as on heavy 


392 TRANSACTIONS 


currents. Figure 15 shows the construc- 
tion of the contact-assembly piston 
booster on a 15-kv breaker. 

The total arcing time of a typical 
magne-blast breaker with air booster for 
all values of current is shown in Figure 16. 
Tests have shown this arcing time to be 
entirely independent of the direction in 
which the arc chute is pointing, whether 
this direction is upward, downward, or in 
a horizontal plane. The air-piston 
booster therefore encourages extreme 
flexibility in breaker design by permitting 
the arc chute to exhaust either hori- 
zontally, downward, or upward, thereby 
simplifying the design of this breaker for 
modern vertical-lift metal-clad equip- 
ment. Without the air booster, the arc- 
ing time at very light currents would be 
considerably longer, as shown by the 
dotted line at the top of the figure. The 
shape of this dotted curve is generally 
characteristic of all magnetic air breakers 
without boosters, regardless of the direc- 
tion of arc-chute exhaust. 

Early studies showed that the in- 
candescent gases exhausted from the 
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Tue BREAKER 

A proper combination of are elonga- 
tion, arc cooling, and are movement | h 
provided a circuit interrupter that sat 
fies all of the requirements and benefits o 


a high arc-resistance interrupter. Ar 4 


elongation is achieved by its movement i in 
three planes to form a serpentine path. 
Arc cooling results by squeezing the arc 
between ceramic walls and moving it — 
rapidly across these cooling surfaces. 
Arc movement is established and con- 


trolled by directing the circuit currents. 
through multiple blowout coils designed — 


to maintain a strong uniform magnetic- 
field transverse to the major plane of the 
arc chute. As accessories to this mag- 
netic field, air boosters assist arc move- 
ment at light currents, and a muffler cools. 
the exhaust gases of exceptionally high 
currents. 

The development of an interrupter, 
however, does not mark the completion of 
a circuit-breaker design. Contacts, oper- 
ating means, insulation, conductors, and 
accessories are all a vital part of the com- 
plete device. The magne-blast breaker, 
adapted for vertical lift metal-enclosed 
equipments, uses a heavy-duty solenoid 
mechanism to operate its contacts. These 
contacts use fine silver primaries to carry 
load currents with minimum loss and to 
carry the inrush currents of a heavy fault. 
As the breaker trips open the current is. 
transferred to an intermediate contact in 
a parallel circuit. This intermediate. 
contact handles the small are that is es- 
tablished as the reactance of the first 
blowout coil is shunted into the circuit 
through the arc-resistant alloy arcing 
contacts. The final interrupting are then 
is drawn when the arcing contacts part 
and is carried, by the moving arc contact, 
to the lower arc runner where a second 
blowout coil assists in moving the arc 
along the diverging arc runners and into 
the are chute. As the arc travels along 
these runners, supplemental blowout coils 
are shunted into the circuit to extend the 
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magnetic field over the working area of 
_ the chute. 

The circuit breaker is well insulated by 
using conventional compound bushings 
around the conducting studs and by en- 
closing each phase in a removable hous- 
ing of insulation. This construction em- 
phasizes accessibility with increased re- 
liability. All operating parts may be 
exposed readily by removing these sub- 
assembled box barriers. The conven- 
tional construction of the operating 
mechanism, accessory devices, and gen- 

_ eral problems of application have profited 
by the experience of engineers responsible 
for the design of the many other varieties 
of power circuit breakers manufactured. 

A complete line of these breakers rated 
from 50,000 kva to 500,000 kva for use in 
modern vertical lift metal-clad switch- 
gear is shown in Figure 17. Figures 
18A and 18B are two typical oscillograms 
of the 500,000-kva breaker interrupting 


June 1946, VoLUME 65 


in excess of 500,000 kva at 13,000 and 
14,500 volts respectively and illustrating 
the marked reduction in the last loop of 
short-circuit current caused by the high 
arc resistance even at these voltages. 

It is fortunate that this type of high- 
arc-resistance breaker conforms to the 
general pattern and size of correspond- 
ingly rated oil circuit breakers while it 
offers the advantages of no oil. Its 
application to the same type of metal- 
clad equipments which have proved 
their worth for oil circuit breakers is 
therefore comparatively simple. 


References 


1. Arr-Break Macnetic BLowovuts, J. F. Tritle. 
AIEE Transactions, volume 41, 1922, page 262. 


2. Macne-Biast Arr Crrcuir BREAKER FOR 
5,000-Vo.tt Service, E. W. Boehne, L. J. Linde. 
AIEE Transactions, volume 59, 1940, April sec- 
tion, pages 202-08. 


3. Tue Om Burast Crrcuir Breaker, D. C. 
Prince, W. F. Skeats. AIEE TRANSACTIONS, 
volume 50, 1931, pages 506-12. 


Linde, Wyman—Circuit Breakers 


\ 


4, DETERMINATION oF CrRCUIT RECOVERY RATES, 
E. W. Boehne. AIEE Transactions, volume 54, 
1935, pages 530-9. 


5. Grometry or Arc INTERRUPTION, E. W, 
Boehne. AIEE Transactions, volume 60, 1941. 
pages 524-32. 


6. HicH Speep Crrcurir BREAKERS, J. W. 
McNairy. AIEE Transactions, volume 47, 1928, 
pages 1276-84. 


7. UHeat TRANSFER IN ARC INTERRUPTION, Dr. C, 
G. Suits. General Electric Review, volume 42, 
October issue, 1939. 


8. Macnetic-Typz Arr Crrcuir BREAKER FOR 
15,000-Vo.t Szervicss, L. J. Linde, B. W. Wyman. 
AIEE TRansactTions, volume 63, 1944, March 
section, pages 140—4. ; 


9. SoLENUoID MECHANISM FOR MAGNE-BLAST 
BREAKERS, B. W. Wyman, J. H. Keagy. AIEE 
TRANSACTIONS, volume 64, 1945, May section, 
pages 268-74. 


10. ARcING PHENOMENA oF CiRCUIT INTERRUP- 
tion, S. Horikosi. ETJ, January 1940, pages 17— 
21. 


11. Cross Arr Brast Crrcuir BREAKER, D. C, 
Prince, J. A. Henley, W. K. Rankin. AIEE 
TRANSACTIONS, volume 59, 1940, September sec- 
tion, pages 510-17. 


12. SwitcHInc OVvERVOLTAGE HazarD ELIMI- 
NATED IN HiGH-VOLTAGE Or CirRcUIT BREAKERS, 
Lloyd F. Hunt, E. W. Boehne, H. A. Peterson. 
AIEE TRANSACTIONS, volume 62, 1943, February 
section, pages 98-106. 


TRANSACTIONS 393 


. ae The Shorts Crane a ara e 

ae | at 
emia “of D- C Generators 

F “ es he ee i | ' 
Se Ls sa eGAE. FROST i 

tw f ASSOCIATE AIEE , 

: > ae, a ‘4 : ‘ re { rt 


NOWLEDGE of the short-circuit 
characteristics of d-c machines is an 
essential factor in the design of d-c elec- 
tric systems having a large low-voltage 
machine capacity concentrated in a small 
area. This information is particularly im- 


portant in the design of systems such as 
_ those encountered aboard ship where cir- 
cuit breakers, fuses, relays, and other 


protective equipment must be so applied 
and co-ordinated as to provide a high de- 


_ gree of reliability and service continuity. 
- Available information relative to d-c 
short-circuit currents has been limited to 


theoretical analyses based on formal solu- 
tion of the differential equations of cur- 
rent flow and the machine inductance and 
resistance values. Asa tool in the routine 
design of d-c systems, this information has 
not been adequate, particularly when 


estimates must be made of the effect of | 


fault resistance, choice of machine con- 
struction, and so forth. 

For some years, the design of a-c sys- 
tems has been facilitated by the use of the 
transient and subtransient reactances and 
the corresponding time constants of syn- 
chronous machines. These constants, 
based on application of the theorem of 
constant flux linkages to the a-c machine, 
represent to practical accuracy the per- 
formance of that machine under rapidly 
varying conditions such as those existing 
during short circuits. Relatively simple 
tests can be made to determine the vari- 
ous reactance values for a particular ma- 
chine and form a basis upon which ma- 
chine and system design requirements 
may be developed. With the aid of this 
theory, it has been possible to conduct 
extensive calculations of short-circuit 
current flow on a-c systems under a wide 
variety of conditions of external resist- 
ance, external reactance, and so forth, 
without the formal differential equations 


Paper 46-66, recommended by the AIEE committee 
on electric machinery for presentation at the AIEE 
winter convention, New York, N. Y., January 


which, otherwise would be required. The 
_ availability of this theory has contributed 


in no small measure to the high standard 


of performance which has been obtained 
on a-c electric systems. 


An analysis has been made of d-c ma- 
chine characteristics with the purpose of 
deriving a group of machine constants 
similar to those now applied to a-c ma- 
chines. It has been found that the effect 
of magnetic saturation is very large in the 
short-circuited d-c machine and must be 
taken into account if a useful analysis is 
to be made. However, this condition has 
not prevented derivation of a group of 
machine constants directly analogous to 
corresponding a-c machine constants 
which can be applied practically to d-c 
system design calculations. In addition, 
these constants provide a convenient 
methed of describing the effect of series 
and compensating windings on d-c ma- 
chine performance. It is the purpose of 
this paper to describe this analysis. Al- 
though the calculation and application of 
machine constants is illustrated for the 
particular case of a 60-kw 250-volt shunt 
wound generator, tests have shown the 
theory to be applicable to machines of 
other types and sizes. 

Equations for the short-circuit current 
of a shunt wound d-c machine having 
negligible armature circuit inductance are 


derived from the differential equations of * 


current flow in Appendix I. Similar equa- 
tions are derived for the compound wound 
machine in Appendix II, The assumption 
of negligible armature inductance permits 
armature current to rise practically in- 
stantaneously, thereby making the theo- 
rem of constant flux linkages applicable. 
Inasmuch as this theorem is understood 
more readily than the differential equa- 
tions and furnishes a useful physical inter- 
pretation of the machine constants, the 
results of the analysis will be described in 
terms of constant flux linkages. 


to maintain ieee jee phe sotk 
fective shunt field flux linkages. 
latter period consists of a glow e curr : 


Aer ata armature nee field cur- — 
rents, are reduced from the value at the ] 
peak current point to the final steady — 


short-circuit value. Current change dur- 
ing this period is so slow that armature _ 


- circuit inductance has a negligible effect, 


and the rate of field and armature current 
decay is determined by the field circuit 
time constant corresponding to the peak 
value of field current attained. 


It is evident from this discussion that | 


the short-circuit characteristics of a d-c 
machine are closely analogous to those of 
an a-c machine. In each machine in- 
creased armature current associated with 
the short circuit has a demagnetizing ef- 
fect on the field winding, which causes the 
field current to increase as required to 
maintain nearly constant the total effec- 
tive field flux linkages. Likewise, after 
the peak value of armature current is 
reached (rms current in an a-c machine), 
the armature current decays to a steady 
state value at a rate determined by the 
field circuit time constant. Furthermore, 
the d-c machine of Figure 1 reaches a 
steady state short-circuit current value of 


tN 


ARMATURE CURRENT 
(PER UNIT) 
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of a typical 60-kw 240-volt shunt wound 
d-c generator are shown in Figure 1. The 
construction of this machine is shown in 


Frost—D-C Generators 


CYCLES (60CPS) 


Figure 1. D-c short-circuit transient (no brush 


shift) 
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q Figure 2. D-c machine typical of those 
tested 


) about 1.3 per unit, a value not greatly 
_ different from the steady state short- 
circuit currents encountered on a-c ma- 
chines. 


MAGNETIZING EFFECTS 


Analysis of magnetizing effects during 
short circuit of a d-c machine can be made 
most conveniently by considering the ma- 
chine to have two sets of axes, as shown in 
Figure 3. The first set of axes, the direct 
and quadrature field axes, correspond to 
the actual field structure of the machine. 
Flux in the direct field axis links only the 
main field poles, whereas flux in the quad- 
rature field axis links only the interpoles. 
Since the shunt field winding is on the 
direct field axis, the flux linkages main- 
tained constant by that winding are the 
direct field axis flux linkages. The second 
set of axes, the brush axis and the quadra- 
ture brush axis, determines the actual 
generated voltage within the machine and 
the direction of armature magnetomotive 
force. Flux in the quadrature brush axis 
is effective in producing generated volt- 
age, whereas flux in the brush axis gives 
no generated voltage. The magnetomo- 
tive force produced by the armature, how- 
ever, is entirely along the brush axis. 
It is evident that when the brushes are 
located on the quadrature field axis (the 
so-called neutral axis), there is no distince- 
tion between the pole position and the 
brush position, and the two sets of axes 
coincide. 

Figure 4 shows the steady state char- 
acteristics of a typical separately excited 
shunt wound d-c machine in terms of 
total field ampere turns, armature current, 
and quadrature-brush-axis air-gap flux. 
The latter quantity represents the ma- 
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Figure 3. Magnetic structure of d-c machine 


chine flux in the quadrature brush axis, 
and hence the effective flux generating 
armature voltage. The machine terminal 
voltage in per unit equals the quadrature- 
brush-axis air-gap flux in per unit less the 
per unit voltage drop caused by machine 


resistance. Inthe case of a zero resistance . 


fault, there can be no terminal voltage, 
and the per unit quadrature-brush-axis 
air-gap flux must equal the machine resist- 


ance drop in per unit. Operation there- 


fore must be at some point along the ma- 
chine JR drop line of Figure 4. Since 
armature inductance effects are negligible 
during the current decay period (A-B, 
Figure 1), the current changes during this 
period can be considered to follow the 
IR drop line of Figure 4 as a locus, 
the rate of motion being determined by the 
rate of shunt field current decay. 

The curve of Figure 4 shows that with 


onan field current, quadrature-brush- - 


axis air-gap flux decreases as armature . 
current is increased. This change is 
caused by two demagnetizing components: 
(1) direct- field-axis armature magnetomo-— 
tive force and (2) apparent direct-field- — 
axis armature magnetomotive force as- 
sociated with the quadrature-field-axis 
armature magnetomotive force. The first 
component is the result of actual direct- 
axis armature ampere turns and is pro- 
portional to the sine of the angle of brush 
displacement. The second component re- 
sults from pole face and armature tooth 
saturation associated with cross flux from 
the quadrature axis armature magnetomo- 
tive force. As shown in Figure 5, the 
magnetomotive force added on one side 
of the main pole by quadrature-field-axis 
ampere turns is equal to that subtracted 
on the other side, but saturation causes 


the flux added to be less than the flux 


subtracted. Hence a lower value of aver- 
age flux results. Tests show that, for the 
values of brush shift normally encountered 
in d-c machines, the effect of direct-field- 
axis armature ampere turns is small com- 
pared to the apparent magnetomotive 
force caused by the saturating effect of 
quadrature-field-axis armature ampere 
turns. 

The effect of armature magnetomotive 
force just discussed is directly analogous 
to armature demagnetizing action in the 
a-c machine. There is one vital differ- 
ence, however, for the armature demag- 
netizing action in an a-c machine is nearly 
proportional to the reactive component of 
armature current, whereas the armature 


(PER UNIT) 


QUAD. BRUSH AXIS AIR GAP FLUX 


+ 
Figure 4. Steady 
characteristics 


(no brush shift) 


Frost—D-C Generators 


ARMATURE CURRENT (PER UNIT) 


TRANSACTIONS 395 


<—TOTAL MMF 
\ 


= eas <- AVERAGE MMF 


AVERAGE FLUX 


TOTAL FLUX 
ee, 


Figure 5. Armature demagnetizing effect in 
a d-c machine 


demagnetization in a d-c machine largely 
results from magnetic saturation and is 
not directly proportional to armature 
current. In the a-c machine, the com- 
bined effect of reduced air-gap flux caused 
by demagnetization and internal voltage 
drop resulting from leakage reactance is 
lumped in the machine constant of syn- 
chronous reactance. A similar synchro- 
nous resistance may be used as a d-c ma- 
chine characteristic. However, any single 
value of this resistance is’ effective only 
between specific values of armature cur- 
rent, and some error is involved even if 
these values are relatively close together. 
In the case of the machine of Figure 4, 
for instance, synchronous resistance based 
on the line X-Y may be used at armature 
currents in excess of one per unit. This 
line corresponds to one per unit generated 
voltage (quadrature-brush-axis flux) drop 
for 3.49 per unit current or an apparent 
resistance of 0.29 per unit. Adding 0.02 
per unit ohmic resistance drop, a total 
synchronous resistance of 0.31 results. 


STEADY CURRENT 


Figure 4 shows that quadrature-brush- 
axis ait-gap flux exists in a d-c machine 
even though no field current is flowing, 
This flux is the combination of two com- 
ponents: (1) residual flux in the direct 
field axis and (2) the quadrature-brush- 
axis component of interpole flux. The 
latter flux is determined by the angle of 
brush shift, being approximately propor- 
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rotation results i 
The residual ‘flux in 
the result of previous 


field poles and is relatively aches * 
ior the | brush position. Fis 


‘igure 6 shows the 
variation in quadrature-brush- axis air- 


gap flux at no field excitation when brush 
position is changed. It is evident from - Field flux consists of two 


the figure that the principal source of this 
flux, within the brush angles shown, is ‘the, 
residual direct-field-axis flux. 


PEAK CURRENT 


In passing from the condition of normal 
quadrature-brush-axis air-gap flux (Figure 
4, point X) to the final short-circuit con- 
dition of 0.03 per unit quadrature-brush- 
axis air-gap flux (Figure 4, point B), the 


-direct-field-axis flux is reduced substan- 


tially. In making this transition, how- 
ever, there can be no instantaneous change 
in shunt field flux linkages as the infinite 
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Figure 6. Effect of brush™shift on steady 
state short-circuit current 
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shunt field winding, whereas the 
component, y4,, links s only the ai - 
Since the armature leakage flux gy, does 
not link the field winding, it cancel 
instantaneously. The combined effect 
of armature leakage flux and field 1 
flux may be lumped in a total pps 
leakage coefficient which may be used to 
represent the over-all performance of the 
machine. z q 

Figure 8 shows the results of a test to. 
determine the magnitude of armature 
leakage flux. A short circuit was placed — 
on the machine used in the test of Figure 1 
and suddenly opened one-fifth second 
later. Since the shunt field flux linkages 
were nearly the same value after opening 
the short circuit as before, the value of 
terminal voltage following opening indi- 
cates the magnitude of armature leakage. 
The value of armature voltage during 
short circuit indicated in Figure 8 repre- 
sents the actual quadrature-brush-axis 
flux computed from the product of arma- 


Figure 7. Basic flux paths in the d-c machine 
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_ Figure 8. Interruption of a d-c short circuit 


_- 


t 


ture resistance and armature current.. 


_ The field current before opening the fault 
_ was about 0.8 per unit, giving a value of 

gra Of 0.8 per unit (neglecting saturation). 
‘Since the net: air-gap flux is equal to 
¢ra—Pa—Var (Figure 7) and is shown on 
_ the armature voltage curve to be 0.08, 

the sum of armature flux y, and armature 
_ leakage flux y 4; is 0.72 per unit. The net 
_ shunt field flux is equal to gp4t¢rz—Ga 
and is held constant by field current 
change. From the figure this value after 
opening the short circuit is 0.53 per unit. 
Assuming 0.2 per unit field leakage flux 
at one per unit field current, the field 
leakage flux component becomes 0.16 per 
unit at the 0.8 per unit field current prior 
to opening. Substituting this value of 
field leakage flux and field air-gap flux 
(0.8 per unit before the opening), the 
value of armature flux gy is 0.43 per unit. 
Since the sum of armature flux and arma- 
ture leakage flux is 0.72 per unit, the 
value of armature leakage flux gy, is 0.29 
and the armature leakage coefficient 
[ta=G.a1/a] is 0.67. Substituting this 
value of armature leakage flux and a value 
of 0.2 for the field leakage flux coefficient 
in equation 13, Appendix I, the value of 
apparent field leakage coefficient becomes 
unity. 

Analysis of the cause of armature leak- 


age flux in the d-c machine is complicated . 


by the varying degrees of magnetic satu- 
ration existing throughout the magnetic 
circuit. However, a qualitative indica- 
tion of the origin of this flux may be 
gained from consideration of Figure 9, 
which shows an equivalent electric circuit 
for the simplified magnetic structure of a 
2-pole machine. In the figure batteries 
represent magnetomotive force values, 
and resistances represent reluctance. 
The two groups of four parallel resistance— 
battery combinations represent the four 
armature teeth assumed to be located 
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a ,* } +o ee ip 
under each main pole. In order to repre- 
sent the effects of saturation, the reluc- 
tance values corresponding to the more 
saturated armature teeth and pole face 
areas are made larger than those corre- 
sponding to the less saturated portions of 
the magnetic circuit. From the figure it 
is evident that a substantial armature 
leakage flux exists in the circuit. If tooth 
and pole face saturation is neglected, this 
leakage flux becomes zero. Evidently 
this effect accounts for the high value of 
armature leakage flux shown in the tests. 

From this analysis, it is evident that 
the peak armature current of a short- 
circuited d-c machine equals the value 
determined on the basis of synchronous 
resistance plus a current increment tak- 
ing into account the increased field current 
required to maintain constant field flux 


Figure 9. Equivalent magnetic circuit of a d-c 
machine 


linkages. This current may be computed 
directly by regarding the d-c machine as 
having a transient resistance similar to 
direct axis transient reactance of an a-c 
machine. In Appendix I it is shown that 
the value of this transient resistance is 
Ryt(n/1-+n)R,, where Ry is the arma- 
ture ohmic resistance, 7 is the total effec- 
tive field leakage flux coefficient, and R, 
is the equivalent armature resistance 
corresponding to the line X-Y, Figure 4. 
Designating transient resistance by R’,, 
the peak short-circuit current from full 
voltage, full load is 


, 


1+R’. 4 
pak = per unit 1 
Ipeak RrtR'e ( ) 


where R, is the fault resistance. 

Equation 1 is directly analogous to the 
equation of peak transient short-circuit 
current for an a-c machine. The numera- 
tor of the equation can be considered to 


Frost—D-C Generators 


v 


represent the voltage behind the transient 
resistance or the flux remaining constant 
during the short-circuit interval. In the 
case of the a-c machine, this flux actually 
exists across the air gap, whereas in the 
case of the d-c machine it is a purely fic- 
titious flux since equation 1 is derived on 
the basis that armature demagnetizing 
effect does not commence until armature 
current reaches one per unit. The denom- 
inator of equation 1 represents the total 
effective circuit resistance retarding short- 
circuit current flow. 

As shown in Figure 4, a reasonably ac- 
curate approximation of the demagnetiz- 
ing effect of armature current in a d-c 
machine may be made by neglecting all 
armature demagnetizing effects for arma- 
ture currents less than one per unit. 
Equation 1 is derived on this basis with 
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Figure 10. Effect of neglecting armature 
inductance 
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Figure 11. Current decay in d-c machine 
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Figure 12. Calculated d-c short-circuit current 


the further provision that initial armature 
current is one per unit. Inasmuch as the 
initial value of air-gap flux varies only to 
the extent required by armature resist- 
ance as initial armature current is changed 
from zero to one per unit, there is a very 
slight change in initial field flux linkages 
when armature current is changed within 
this range. Accordingly, equation 1 
applies very nearly to all short circuits 
from initial armature currents between 
zero and one per unit. 


CURRENT RISE 


Armature, interpole, and other arma- 
ture circuit inductances prevent the short- 
circuit current of a d-c machine from 
instantaneously reaching the peak value 
determined by transient resistance. The 
character of this current rise is exponen- 
tial if the armature demagnetizing effect 
behaves as a pure resistance and the arma- 
ture circuit inductances do not saturate, 
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Figure 13. Effect of series field on d-c short- 
circuit current (300 kw machine) 


A—Cumulative field 
B—Differential field 


Inasmuch as this does not represent the 
true condition, the current rise deviates 
from an exponential to some extent. 
Tests show that initial short-circuit cur- 
rent rise in small d-c generators (60-300- 
kw) is extremely rapid, varying from 500 
to over 1,000 per unit per second. In 
fact, this current rise has been so rapid 
that it has been impossible to determine 
the exact shape of the current rise curve 
from test data. 

_ Figure 10 shows the effect of the finite 
value of current rise on the calculated 
armature current following short circuit. 
The solid curve is the result of a computa- 
tion based on the assumptions of Appen- 
dix I, but taking into account armature 
and interpole inductance. It was as- 
sumed in this calculation that armature 
circuit inductance gave an initial current 
rise of 800 per unit per second. From the 
figure it is evident that the curves corre- 
spond in all respects, except for the peak 
value and rate of rise of armature and 
field current. In the peak values, an 
error of eight per cent is involved, a small 
error in view of the approximations used 
in the analysis. 


CURRENT DECAY 


Armature current decays from the value 
associated with transient resistance to the 
final steady value at a rate dependent on 
the field circuit time constant of the ma- 
chine. In the absence of saturation, this 
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decay is an exponential curve which be- 
comes astraight line when plotted onsemi- 
log paper. Figure 11 shows a curve of this 
type for two short circuits of a 100-kw 
1,200-rpm_ shunt-wound machine, one 
with the brushes leading and the other 
with the brushes lagging. With the ex- 
ception of the first ten cycles, the decay 
is very nearly exponential, having a time 
constant of about 15 cycles. The effect of 
brush shift on current during the decay 
period is so small that negligible effect is 
shown in the figure. 

It is shown in Appendix I that the time 
constant of decay for a zero resistance 
fault may be computed from 

/ 

T= Tro (2) 
where Tyo is the field time constant at full 
load, full voltage and Rg the synchronous 
resistance. This relation is directly analo- 
gous to the equation for the transient 
short-circuit time constant of an a-c ma- 
chine. 


SUBTRANSIENT EFFECTS 


Figure 11 is typical of several tests 
which have shown that current during the 
first few cycles following short circuit of a 
d-c machine exceeds the value based on 
transient resistance. This evidently is the 
effect of pole iron, bolts, welded sections, 
and so forth, in maintaining flux for a 
short period of time, thus giving the d-c 
machine a subtransient resistance analo- 
gous to the subtransient reactance of an 
a-cmachine. From Figure 11 the approxi- 
mate value of this resistance is 12 per cent 
and the time constant three cycles (0.05 
second). These values are consistent 
with subtransient reactance and time 
constant values encountered on a-c ma- 
chines of similar size. 


ACCURACY 


To check the above theory, a calcula- 
tion has been made of the transient short- 
circuit armature current of the machine 
used to obtain the data of Figures 1, 4, 
8, and the equations of Appendix I. 
Values of synchronous resistance, effective 
field leakage coefficient, and open-circuit 
transient-time constant were .taken as 
0.31 per unit, 1, and 0.5 second respec- 
tively. The corresponding transient re- 
sistance is 0.16 per unit, Armature re- 
sistance was assumed to be 0.02 per unit. 
The results of the calculation are shown in 
Figure 12. Itis evident that the computa- 
tion checks in order of magnitude the 
actual short-circuit current transient ob- 
tained, all that can be expected in view 
of the assumptions used in deriving the 
equations of the appendix. 
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Compounding and Compensation 


rent of a d-c generator for two series field 
_ connections, one cumulative and the other 
_ differential. The peak armature current is 

_ practically the same value in each case, 


for the shunt field current maintained the 


Alt ae 


_ nearly constant during the period of 
current buildup. That is the same air- 
_ gap flux, and therefore shunt field flux 
each short circuit, and the same increase 
_ in total field magnetomotive force was re- 
quired to maintain constant these flux 
linkages. Since the maximum value of 
_ total field magnetomotive force is the 
_ same in each case, the peak short-circuit 
currents are identical. However, the rate 
of current decay following the peak cur- 
rent value for the differential field con- 
_, nection is greater than for the cumulative 
field connection because the shunt field 
current required to maintain constant 
_ shunt field flux linkages in the former case 
is substantially greater than in the latter. 
This condition results because of the in- 
fluence of the series field in supplying 
field magnetomotive force, aiding the 
shunt field in the cumulative wound ma- 
chine, and opposing the shunt field mag- 
netomotive force in the differential wound 
machine. 

In addition to determining the rate of 
decay following peak short-circuit current, 
the presence of a series field alters the 
steady state short-circuit current value. 
The magnitude of this effect may be esti- 
mated from the curves shown in Figure 8 
If a cumulative series field gives 0.1 per 
unit magnetomotive force at full load, for 
instance, there will be an added contribu- 
tion of 0.1 per unit field magnetomotive 
force for every one per unit armature cur- 
rent. Hence for the case of Figure 4, 
point B will be moved along the line JR 
until the total field magnetomotive 
force in per unit corresponds to ten per 
cent of the armature current value, there- 
by placing point B in a position corre- 
sponding to 2.4 per unit armature current 
(point C, Figure 4). 

The short-circuit curves of Figure 13 
are based on two series field connections 
for a particular generator. If a machine 
is designed to give a particular value of 
voltage regulation, the series field wind- 
ing may be used in lieu of other design 
changes to achieve this regulation. In 
particular, a large value of synchronous 
resistance may be used with a relatively 
strong cumulative series field to give 
the same voltage regulation as with a low 
synchronous resistance and no series field. 
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state characteristic of 
compensated gener- 
ators (no brush shift) 


Curves 1, 2, and 3— 
1,100 kw 416-volt 
compensated gener- 
ators 
Curve 4—60-kw 
uncom- 
pensated generator 
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In this case a smaller peak armature cur- 
rent on short circuit will be obtained than 
with the machine designed to achieve the 
same voltage regulation with only a shunt 
field winding. Tests show, however, that 
this effect is small with machines of 60 to 
300 kw capacity, and that these machines 
have substantially the same peak short- 
circuit current, whether designed as shunt 
machines or series machines meeting the 
same voltage regulation requirements. 

Compensating windings are provided 
in the pole face structure of d-c machines 
to reduce the magnetizing effects of arma- 
ture current, thereby limiting saturation 
caused by quadrature axis armature 
magnetomotive force and decreasing the 
value of machine synchronous resistance. 
A corresponding reduction in transient 
resistance can be expected. If the com- 
pensation secured is perfect, the demag- 
netizing effects of armature current are 
reduced to zero and, with the brushes on 
the neutral axis, the short-circuit current 
will rise to a value limited only by arma- 
ture resistance. On large machines this 
value may exceed 50 times normal cur- 
rent. Actually it does not appear that 
currents of this magnitude are to be ex- 
pected, for actual compensation falls far 
short of the theoretically perfect compen- 
sating winding. This condition is evident 
in Figure 14 which shows a plot of the 
variation of quadrature-brush-axis air- 
gap flux with armature current for three 
1,100-kw 416-volt compensated genera- 
tors. By comparison with the curve of 
the machine of Figure 4, it appears that 
these particular compensated machines 
probably have synchronous resistance 
values comparable to the uncompensated 
machine of Figure 4. 


Fault Resistance 


The influence of fault resistance on peak 
short-circuit current of a d-c generator 
may be calculated from equation 1. A 
plot of calculated peak short-circuit cur- 
rent as a function of fault resistance for a 
particular machine is shown in Figure 15. 
The two test points indicate that the re- 
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Figure 15. Effect of fault resistance on d-c 
short-circuit current 


@—Test points 


lation of equation 1 gives approximately 
correct results. 

The influence of fault resistance on 
steady state short-circuit current may be 
estimated from the steady state machine 
short-circuit characteristics shown in 
Figure 4. In this case, a new JR drop line 
corresponding to the new total armature 
circuit resistance is constructed and the 
steady value of short-circuit current read 
from that curve. 


Commutator Flashover 


It generally is assumed that commuta- 
tor flashover on short-circuited d-c ma- 
chines can be prevented only by the use of 
circuit breakers having a combination of 
high operating speed and low trip setting 
which prevents buildup of armature cur- 
rent to the full short-circuit current value. 
A considerable number of tests on d-c 
machines of the shunt, stabilized shunt, 
and compound types varying from 60 to 
300 kw, 240 volts, and having peak cur- 
rents from 6 to 11 per unit have failed to 
produce a flashover. Although the tests 
were made under controlled conditions, 
they are considered to show that the prob- 
ability of flashover has been exaggerated 
somewhat. In fact, it appears that.gen- 
erators in this range may be constructed 
economically to have a relatively low prob- 
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ability of flashover on short circuit, even 
after a period of service. 

If the machine is designed to withstand 
short-circuit current, or the probability 
of flashover is considered remote, there 
appears little need for circuit breakers 
having the high operating speeds and low 
trip settings normally used. The entire 
short-circuit curve of Figure 1 then be- 
comes available for use in establishing 
circuit-breaker settings, and co-ordination 
of circuit breakers may be obtained read- 
ily. Furthermore, if the circuit breaker is 
capable of withstanding the peak short- 
circuit current, an actual reduction in 
circuit-breaker duty may be achieved by 
intentional time delay. Inasmuch as the 
curve of Figure 1 is very similar to the 
short-circuit-current curve of an a-c ma- 
chine of equivalent size, the same prin- 
ciples used in establishing circuit breaker 
settings in a-c systems may be applied to 
d-c systems of equivalent size, thereby 
simplifying the design and construction 
of the d-c system and taking full advan- 
tage of a-c developments. 


Conclusions 


Calculations of the short-circuit current 
of d-c machines may be conducted by the 
use of machine constants of synchronous 
resistance, transient resistance, subtran- 
sient resistance, and the corresponding 
time constants. These values are directly 
analogous to the constants which have 
been applied to a-c machine calculations. 
The principal difference between the ap- 
plication of these constants to a d-c ma- 
chine and the application of analogous 
constants to an a-c machine lies in the 
necessarily approximate method which 
must be used to represent the effect of 
machine saturation. This approximation 
does not, however, prevent reaching useful 
results. 

The value of transient resistance for d-c 
machines is influenced to a considerable 
degree by the high value of armature 
leakage flux. This flux, apparently caused 
by the saturating effect of flux in the 
armature teeth, has given armature 
leakage flux coefficients of the order of 
0.7 and corresponding total apparent 
field leakage flux coefficients of unity. 
These high values, as compared with 
the effective field leakage flux coeffi- 
cient of from 0.2 to 0.4 on a-c machines, 
constitute an important distinction be- 
tween the performance of the two types of 
machines under transient conditions. 

The presence of a compound field 
winding has no influence on the peak 
value of short-circuit current attained by 
a d-c machine. However, a winding of 
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this type is of considerable importance 
in determining the rate of armature cur- 
rent decay from the peak to the final 
steady value and the value of the final 
steady current reached. Compensating 
windings, which theoretically should re- 
sult in extremely high values of transient 
resistance, do not appear sufficiently ef- 
fective to produce this result, and there is 
little reason to believe that the high values 
of short-circuit current sometimes as- 
signed to these machines actually will be 
reached. Further test data on these ma- 
chines, however, will be required before 
definite conclusions can be reached. 

In the case of small d-c machines, the 
probability of commutator flashover 
under short circuit appears to be some- 
what exaggerated, and it is believed pos- 
sible to establish circuit-breaker settings 
taking advantage of the probability that 
flashover will not occur. In this case the 
effective short current transient is very 
similar to that of equivalent a-c machine, 
and the methods developed for the design 
of a-c systems may be applied. 


Appendix |. Short Circuit of 
a Shunt Machine—Mathematical 


Analysis 


This analysis is based on the following 
assumptions: 

1. Generated voltage (quadrature-brush- 
axis air-gap flux) may be represented by the 
following two components: 


(a). A positive component proportional to field 
current, representing the magnetizing effect of 
field magnetomotive force, 


(6). A negative component proportional to the 
excess of armature current over full load armature 
current, representing the demagnetizing effect of 
armature magnetomotive force (including satura- 


ae of the pole faces caused by quadrature axis 
ux). 


This assumption amounts to representing 
the machine characteristics by the straight 
lines in Figure 16. 

2. Field current (in amperes) is negli- 
gible as compared with armature current (in 
amperes), 
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8. The short circuit takes place from an 
initial condition of rated armature current 
and rated voltage. 


4. Armature and interpole inductance is 
negligible. From Figure 10 it is evident that 
no significant error in peak current or cur- 
rent during the decay period results from 
this assumption. 

Subject to these assumptions, the ma- 
chine circuit equations may be written: 


E; = 47—Re(ig—h) — Roig (3) 
oo at ee 
a= Riot Lee ie 
E,=Rytyt 7 MyM ) (4) 
E,=Retg (5) 
where 


E,=terminal voltage in per unit 

t¢=field current in per unit (based on the 
field current for rated armature volt- 
age at no load) 

R,=armature ohmic resistance in per unit 

%g=armature current in per unit 

R,=equivalent armature resistance cor- 
responding to the demagnetizing ef- 
fect of armature current in per unit 

4;=current value above which R, is meas- 
ured in per unit (one per unit this 
analysis) 

R,=field resistance in per unit (based on the 
units of ¢pand E,) 

Ly=field inductance in per unit (per unit 
field voltage induced by one per unit 
field current change per second) 

M=coefficient of mutual inductance repre- 
senting the shunt field voltage in per 
unit corresponding to one per unit 
armature current change per second 

R,=short-circuit resistance 


It is convenient to base the calculation of 


M on the conventional system of units. 
Then 


N 
M,=—22-10-8 (6) 


\ 
where 
M4=value of M in henries 


t4=armature current change in amperes re- 
quired to produce a change in shunt 
field flux linkages of Nyy; maxwell 
turns 
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i: From Figure 16 iti is AES that « an arma- 


equal to 1/Re per unit causes the quadra- 
-ture-axis air-gap flux to be reduced one per 
unit. The corresponding change in shunt 
a field flux linkages can be shown to be 
1/1+nq per unit, where mg is the ratio 
 eailea (Figure 7). Inasmuch as 1/R, per 
_ unit current change produces 1/1+-mq per 
unit change in shunt field flux linkages, the 
current change required to make a one per 
unit change in shunt field flux linkages is 
© (-+2,)/Re. 
5 ptt is convenient to use as a basis of substi- 
- tution in equation 6 the shunt field flux 
_ linkages upon which the shunt field induc- 
tance at no load, full voltage, is based. This 
_ value of flux is one per unit plus the shunt 
- field leakage flux. If the shunt field leakage 
coefficient 7 is equal to grz/yr4 (Figure 6), 
_ the shunt field flux at no load, full voltage 
is (1-++my) per unit. Since armature cur- 
_ rent must change (1+-7,)/R, per unit to give 
_ /aone per unit change in shunt field flux link- 
ages, an armature current change of 
- (1+¢)(1+n,)/Re per unit is required to 
_ give a shunt field flux linkage change cor- 
responding to the value of shunt field flux 
_, linkages at no load, full voltage. The value 
' of this current in amperes is 


ss tau(1 fe (1-++n,) (7) 


_ where 74, is the rated armature current in 

amperes. 
- The value of N,v, at no load, full voltage 
is the value upon which the open circuit 
field time constant is based. If Ly is the 
shunt field circuit inductance (in henries) 
corresponding to this time constant, the 
value of Ny¢y is 


Nyer=Lytyy108 (8) 


where iy, is the shunt field current in am- 
peres at no load, full voltage (base field cur- 
rent). 


Then a 
LyRetpu 


eS ee ©) 


A= 


The values of My, and Ly in per unit nota- 
tion are 


wa 

u-—o* (10) 
Li 

Ly (11) 

where V is rated armature voltage. Hence 

L,R 

M = (12) 

(1 +n) (1+-n,) 


It is convenient to consider the operation 
of the machine in terms of an equivalent 
shunt field leakage coefficient which com- 
bines the effects of field and armature leak- 
age. This leakage coefficient may be de- 
fined by 


(1-+n) = (1+-1q) (1+) 
or . 


n=(1+n¢)(1+n))—1 (13) 
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ture current increase (above one per unit) — 


te PA} 2 


wy 


For small values of. Nq and ny, the value of 


n is nearly equal to mg+ny. Then 


L,R ‘ ie 
esene (14) 

Substituting equation 13 in equations 3, 
4, and 5 and eliminating, it follows that 
t+ oe pfalipeige a 


LjRe dig (15) 
R ia = 
fit fp —Rrig— renal 0 


The Laplace transform of equation 15 is* 


Rey 


—i(s) + (Ra +}Re+Rr)ia(s) = —— 


ty (16) 
LjRe Re 
1+” 


tess ~| 4 : 
=Lyizo— 


where ty, and ig are the initial field and 
armature current, respectively, and T, is 
the open circuit time constant of the field 
circuit. 

Assuming the fault to take place from an 
initial condition of full voltage, full load, 
the constants of equation 15 become 


Ry= ae ae, tyo=1+Ra, Ly=T, 0» tal 


The value of 7; has been taken previously 
as one per unit and therefore 


Rk 
—i,(s) +(RgtRzt+Re)ta(s) = ee 


T,Res 
Fee +105 xo E Al ne 


ToRe 
4q(s) = To(1+Ra) — Ta 


Solving 


ig(s) = Ae + 


sT (142, phe | 


1 
i,(s) =] arter (a +Rr) 


(RatRet+Rz 


Ra 1—R,; +Re 
geri ae ce 
a 


n 
rf Ret Ret Rar) ) as) 


The inverse transformation of equation 17 
gives 


ig=A+(B—A)e—/T 
fac(0—Ce os a) 


me) 


where 


A =steady value of armature current 
B=peak value of armature current 
C=steady value of field current 
D=peak value of field current 

T =time constant of decay 


and 


Re 


——————— (20a) 
Ral — R;) +Re 
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eee | (20b) 
Ret Ret Re 
R,Rz(1+R,) 
[R,(1—R;) + Rel 5200) 
¥ Jip 
(Re+Ra+Rz) (1 +Ra) a (R; +R, 
‘ihe 1+n 
nN 
Ratk; ca ray 
(20d) 
(Rot Reta wee +Rg)T > 
up --, 
Gee ote 708) 


The time constant equation 20e may be 
simplified to 


_ am (Re +Rz)(1+Ra) 
T= To RR RR, (21) 


where R; is the synchronous resistance, and 
R,’ is the transient resistance. If full load 
field time constant 7,(1+R,) is designated, 
Tro, and fault resistance is negligible, then 


T=Txo—— 2 
a yee (2 ) 


Appendix Il. 
Compound Machine 


In the series machine, armature current 
contributes to direct axis magnetomotive 
force. If the ratio of series field magneto- 
motive force to shunt field magnetomotive 
force at full load is k, then equations 3, 4, 
and 5 become 


= (t¢-+Rig) —Rota—Reta—t) (23) 

WR ee ee 
E, = Ryig+Ly ay —-M a (tg —i,) (24) 
E,=Reig (25) 


In addition to this change, the value of 
must be altered to take into account the in- 
creased mutual inductance associated with 
the presence of the series field. The total 
mutual inductance can be considered as 
comprising two components: (1) that re- 
sulting from R, and (2) that resulting from 
the series field. From equation 14 the 
mutual inductance attributable to R, is 
(LyR-)/(1+n). From a similar derivation, 
using the series field current required to 
produce a change in shunt field flux linkages 
equal to the no load full voltage linkages, it 
can be shown that the series field contribu- 
tion to mutual inductance is — Lyk (neglect- 
ing leakage flux between the shunt and 
series fields). The value of M then becomes 
Ly{(Re/1-+n) —R]. 

In the compound wound machine, the 
initial value of field current must reflect the 
series field magnetomotive force contri- 
bution. For full voltage, full load, the shunt 
field current is (1+R,—k) per unit and the 
corresponding field resistance 1/(1+Rg—k) 
per unit. 

Substituting and solving as in the case of 
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Short Circuit of 


shunt machine, the constants A, B, C, D, 
and T of equation 18 become 
ps ee ad Bae 

(Ro=2) qd —R,;) +R, 


n 


14+-R,+R- sce 
n 
Ret, Re 


C= R,R,.(1+R,—k) 
(Ra—k) (1 +Rr) +Re 


B= 


(26) 
(Re+Re+Rz—k) el — Rg) a 


He (RtRe Mb 
(coy a x n) 
n 


Rrt+RatRe Tae 


n 
(rete) e +Ra—k) 


(Ra—k) qd —R;) +R, 


The peak armature current obtained by 
use of the values of equation 23 is 


nN 
hl ee ae 
+ aT ity Re 


n 
Rrt+RatRe 1+n 


or the same value as obtained from the 
values for the shunt machine given in 
equation 19. 
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(Rte Re)Q+Ry—B 


Appendix Ill 


The equations derived in Appendix I 
and Appendix II disregard effects of residual 
flux, saturation, and armature inductance. 
It is convenient to have empirical relations 
taking these effects into account. These 
relations can be obtained by using the peak 
current values and time constants from Ap- 
pendix II and the initial rate of rise and final 
steady current from other data. The com- 
plete equation for armature current then 
becomes 


ig =Ig+(Ip—I,)e-/ T —Ipe-/* (27) 


where 


I,;=steady current value following short 
circuit 

I, =peak current value following short cir- 
cuit from equation 26, 


n 
1+Ra+R. 1+n | 


nN 
Ro Re the —— 
etRatRe 


T=time constant of current decay from 
equation 26 - 


1-+n 


(Ra—k) (1 —R;) +R, To 


T=time constant corresponding to the 
initial rate of current rise. If 7’ is 
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the initial rate of current rise in per 
. [, D =f, 8 
unit per second, then T= i 
‘ 
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‘Time is the measure of all things. 


Few of man’s inventions can stand its 


merciless judgment. Yet Kerite for 


over 90 years has thrived and spread 
and gained renown. Time, indeed, gives 


Kerite its unqualified recommendation. 


THE KERITE COMPANY 


NEW YORK CHICAGO SAN FRANCISCO 


PIONEERS IN CABLE ENGINEERING 
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on every count 


Permanently Insulated 


ROCKBESTOS A.V.C. 


There are 9 good reasons why you should wire circuits that are ex- 
posed to severe operating conditions with Rockbestos A.V.C. wires, cables 
and cords . ... and they all combine to insure you against failures and 


practically eliminate expensive circuit maintenance. 


You won’t have to pull out and replace power, control and lighting circuits 
_ that are failing too often... and then do the same thing all over again 
..if you rewire with asbestos insulated Rockbestos A.V.C. Its felted 
asbestos walls, impregnated with heat, flame and moisture resisting 
compounds, are built to give you the eatra protection needed to with- 


Si Laas 
I 


stand conditions that ruin wire. They make an installation permanent, 
protect circuit operation and save the cost of repeated replacement. 
These permanently insulated money-saving wires, cables and 
cords are made in a wide variety of constructions for 300 to 
5000 volt service ... in sizes No. 18 AWG to 2,000,000 CM. 

For complete data write for a catalog. 


———————— 


ROCKBESTOS PRODUCTS CORPORATION 
142 NICOLL ST., NEW HAVEN 4, CONN. 


Won’t age or deteriorate 


2. Won’t bake brittle, crack or flow ; 
under heat 


- Won't burn or carry flame 


. Corrosive fumes won’t rot it 


- Resists oil, grease and moisture 


3 
4 
5. Remains permanently flexible 
6 
7 


. Withstands conductor-heating 
overloads ° 


8. Gives greater current carrying 
capacity 


9. Reduces circuit maintenance 
expense 


ROCKBESTOS A.V.C. 


The Wire with Permanent Insulation 


NEW YORK BUFFALO CLEVELAND CHICAGO 
PITTSBURGH ST. LOUIS LOS ANGELES 
SAN FRANCICSO SEATTLE PORTLAND, ORE, 


These characteristics are built into 125 Rockbestos 
constructions including the wires illustrated: 


Rockbestos A.V.C. 600 Volt Switchboard Wire. 
Rockbestos A.V.C. 600 Volt Boiler Room Wire, 
Rockbestos A.V.C. 600 Volt Power Cable. 
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Write for new wall hanger soon available. In meantime, use this chart 


JuNE 1946 


SERVING YOU THROUGH SCIENCE 


\ 


IN BRANCH CIRCUIT WIRING 


1 

| 

| 

| NEW CODE CHANGES SHOW PROGRESS 
I 

l 

I 

I 


R RH RW T (Formerly SN) Tw 
——— ee ee 
| Maximum | 1940 50 75C 50 60c 
Operating 
| Temperature | 4946 0c 5c 60¢ joe 6c 
——— ole as 
I 3/64” —#14,12,10 AWG | 3/64” —#14, 12,10 AWG | 3/64""—#14,12,10AWG | clio l ae AMEN Th 
| = 1940 4/64’’—48—2 AWG 4/64’ —#8—2 AWG 4/64" —48—2 AWG f ils (1.15 /64) Aha AWG 
6/64” —#1—4/0AWG |8/64”—¢1—4/0AWG | 5/64”—41—4/oAwG | "1412 10AWG | 4/64"”-76—-2 AWG 
| insulation 5/64’ —#1—4/0 AWG 
Wall era sel SS ee ee a 
l Thickness ” 
64’’—#14, 12 AWG 64’ — 714, p/64’’ —#14, 12, 
| ay #4, 5 / FIZ AWG 3/64’ —1'14, 12, 10 AWG 18 Mils (1.15/64) || 2/64”—#14,12,10 AWG ipl ape AWG 
64’ —#10 AW 3/64’ —#10 AWG 3/64” —48 AWG se 
1946 ae ‘oes ) N64’? 
| 4/64’ —78—2 AWG =| 4/64’”" 48-2 AWG =| 4/64’ #8—-2 AWG Albee 4/84’ —46—2 AWG vey ea vane 
i 5/64” —#1I—4/O AWG | 5/64””—#1—4/0AWG | 5/64’””"—/1—4/0 AWG 4 5/64” —#1—4/0 AWG 
— SSeS 
] 1940 General General pti = Rewiring Rewiring 
 U Use U ‘ oy 
| (Under we in Wet Locations nly Only 
National = (———— _——— eee ee 
| Electrical Gehiecalline General Use #14—4/0 AWG General |#14—4/0 AWG General 
Code — — 
| } 1946 Sones! General or May be used in Non- es Faee vee gh Wee 
) Use Use in Wet Locations _ | Metallic Sheathed Cable pen Wor! pen Wor 
] Sies 1940 #14—2000 MCM #14—2000 MCM #14—2000 MCM . #14, 12, 10 AWG #14—4/0 AWG 
| (Under 4—4/0 AWG i 
| Electrical 1948 Now Approved in Sizes 1 AMAA AYER General Huet Hl par 
#14—2000 M #14—! = 
i Code) # 0 MCM #14—2000 MCM #14—2000 MCM #14—6 AWG Open Work Open Work 
I Open Open Open Open Open 
] Size Conduit* Wiring | Size Conduit* Wiring | Size Conduit* Wiring) Size Conduit* Wiring!) Size Conduit* Wiring | Size Conduit* Wiring 
] 14 15 20 14 22 29 14 15 14 18 
12 20 26 12 27 37 12 20 12 23 
| eh wha 35 | 10 37 50 | 10 25 1031 
] 8 35 48 8 49 69 8 35 8 41 
6 45 65 6 65 94 6 45 6 54 
l bp heb 4 60 oes eae 126. | | 80 ate 
| Capacity Bi4 2480 118 2° A415 170 By 80 2 96 
In Amperes SET aR es Sy OF 
ele wi 16 a a oY a 14 ie a 
12 0 a 12 20 25 12 0 25 12 20 25 12 20 25 
" Fi ae a 40 | 15 ft 40 230 40 |10 30 40 
8 40 55 8 45 65 8 40 55 8 40 55 8 40 55 
ness 80 95 55 80 55 80 6 55 80 
6 55 6 6 6 
4 70 105 4 f 125 4 70 105 4 70 105 4 70 105 
95 140 2 5 140 
2 95 140 2 115 170 2 95 140 2 9 


*Not more than 3 conductors in conduit, raceway or cable. For more than three conductors in 
conduit, raceway or cable, reduce current carrying capacity in accordance with 1946 Code, 


/ 

| 

| 

| 

| 

| 

| 

: NOTE: According to Underwriters Laboratories; 
1946 Code—R, RH and RW —may be labeled 
after April 1, 1946. Manufacturers need not produce 
until November 1. When production does start, 
Underwriters’ labels must be applied and tags must 
| be marked: ‘1946 Code.” 

| 

| 

| 

| 

| 

/ 


1940 Code—R, RH, RW—may be labeled until 
1946. Stocks in inventory after 
November 1 may be used until supply is exhausted. 


November 1, 


1230 AVENUE OF THE AMERICAS ° 


ROCKEFELLER CENTER 


Laglx (RU) is America’s smallest 


diameter, lightest weight rubber insu- 
lated branch circuit wire. Laminated 
construction and perfectly centered 


conductors insure electrical safety. 


° NEW YORK 20,N. Y. 
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UNITED STATES RUBBER COMPANY 
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DESIGN CC sai IN MOLDING PLASTICS PARTS 
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® Plastics materials are so versatile that molding com- - 


pounds can be developed to meet special conditions. 
Often the success of a plastics application depends 
upon the development of special molding compound. 


An example is the Loop Antenna Housing manufac- 
tured by General Electric for bombers during the war. 
When early models were tested, they stood up under 
wind, rain, ice, sun, and extremes of temperature. But 
the plastics material used gave unforeseen trouble. 


It released ammonia that corroded the metal fittings. 
And it did not give sufficient safeguard against the 
building up of static electricity. Too much static would 
interfere seriously with radio reception. 


G-E engineers corrected the corrosion condition by 
replacing the two-stage phenolic resin with an ammonia- 
free one-stage resin in the molding compound. 


Then it was found that the addition of graphite to 
the molding compound would give the degree of con- 
ductivity necessary to prevent hazardous static build- 
up in the molded plastics parts. 


The fabric filler used in this ammonia-free, graphite- 
added molding compound were cuttings of fine cotton 
twill uniform shirts supplied by military tailors. These 
“‘shirttails’”” had to be carefully selected, because tex- 
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tile which had been waterproofed for tropical use failed 
to absorb resin. 


This special molding compound made the plastics 
Loop Antenna Housing acceptable—and General Elec- 
tric supplied tens of thousands of them for our bombers. 


WHY G. E. USED “DEEP-THROAT” 
MOLDS FOR ANTENNA HOUSING, 


| 
t 


Cross-section split of teardrop design 
gave alignment to the two sections— 
facilitated their assembly—minimized 
shrinkage and warpage factors. 


BUTT a 


= 


G. E. employs all available plastics materials in the 
development of molding compounds. That is why you 
can be sure of an unbiased material specification when 
you bring your plastics problem to General Electric— 
the world’ s largest manufacturer of finished plastics 
products. “Designing Molded Plastics Parts,” a helpful 
booklet, will be sent to you upon request. Section E-4, 
Plastics Divisions, Chemical Department, General 
Electric Company, 1 Plastics Avenue, Pittsfield, Mass. 


GENERAL @ ELECTRIC 


EVERYTHING IN PLASTICS~ 
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Surer even than a pilot’s eyes 
... the high-freauency cable that makes RADAR possible 


is insulated with 


Du Pont 


POLYTHENE “a ; 
INSULATION. C7 


Radar and associated electronic develop- 
ments, born in stress of war, have im- 
portant peacetime uses immediately 
ahead. Ships and planes which, without 
radar, might be hopelessly lost in foul 
weather or fog, may now soon be located 
...come safely to harbor or airport... 
thanks to one or several of the four main 
types of radar. 


In this important work Du Pont poly- 
thene plays an indispensable part. For 
radar depends on ultra-high frequencies 


Du Pont manufactures 


CUT-BACK SECTION of a modern twin 
coaxial cable for use in direction-finding 
equipment at ultra-high frequencies (400 
to 10,000 megacycles). JAN-C-17 designa- 
tion RG-23/U; made by Anaconda Wire 
& Cable Co. The insulation, about 140-150 
mils thick, is Du Pont polythene. 


—anywhere from 2 to 10,000 mega- 
cycles! The cables that carry these cur- 
rents must have an insulating material 
of low electrical losses—which at the 
same time is flexible at low temperatures. 
Du Pont polythene meets both these 
requirements. 


Other properties of Du Pont poly- 
thene: outstanding chemical inertness, 
light weight (specific gravity 0.92), low 
moisture permeability, flexibility in thin 
sections, rigidity in thick. For com- 


plete data sheet, write to E. I. du Pons 
de Nemours & Co. (Inc.), Plastics Dept., 
Room 166, Arlington, N. J. 


aU PONT 


polythene molding powder. Uy VA 
SHEETS TUBES RODS FILAMENTS 
Commercial extruders convert , eS 
polythene into the forms of 
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ACRES o 
VOLTAGE 


distributed to 
critical chemical , 
processes 


Three 150 KVA single phase AmerTran Power 
Transformers. 2300-440 V. 


AMERTRAN 


TRANSFORMERS | 


600 KVA 0O.1.8.C. AmerTran 
Power Transformer. 3 phase, 
2300-440 V. 


GENERAL ANILINE AND FILM CORPORATION 
GRASSELLI, NEW. JERSEY 


Miles of distribution lines 

cover the many acres of 
plant operations at the huge 
Grasselli, New Jersey works 
of this corporation. The first 
AmerTran installation went into 
service many years ago. It is on the 
job today, supported by many other 


These units range from the main power 
transformers down through the various 
ratings of distribution types—to the compact, 
troublefree, ‘‘at-the-load’’ dry type AmerTrans. 


roe 


If continued buying means satisfaction, we'd say 
that AmerTrans are doing a pretty satisfactory job 
for this busy company. In fact, they told us so! 


Three AmerTran Dry Type Trans- Two heavy Duty AmerTran 
formers, used in load holance Transtats, providing precise 
circuit. Single phase, 440-220 110 AC voltage control for 
V., 25 KVA. Other AmerTran Dry laboratory processes. 
Type units are used for lighting and (There are many more 
at-the-load power. Transtats in this plant.) : 


REG US PAT OFF 


MANUFACTURING SINCE 1901 AT NEWARK, N. J 


Pioneer Manufacturers of Transformers, Reactors and 
Rectiflers for Electronics and Power Transmission 


AMERICAN TRANSFORMER CO. 178 Emmet St., Newark 5,N.J. 
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BURNDY 
crulugs 


NOW AVAILABLE IN 
SIZES UP TO 500 MCM 


BURNDY ENGINEERING CO., INC., 107E BRUCKNER BLVD., N.Y. 
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for Rapid Measurements of 


CAPACITANCE and INDUCTANCE 4 


HESE twoportable, self-contained bridges 

are designed for use in the laboratory, in 
production testing and in industrial plants. 
Their accuracy is sufficient for a large majority 
of routine measurements. Their usefulness is 
increased considerably by their being port- 
able, self-contained, battery operated, and 
complete and ready to use at all times. They 
are both housed in walnut cabinets with re- 
movable cover and are supplied with the 
6-volt dry battery and headset required for 
each. 


TYPE 1614-A CAPACITANCE BRIDGE 


RANGE for Capacitance: 10 micromicrofarads to 100 microfarads 
in three steps; 10 micromicrofarads to 10,000 micromicrofarads; 
0.01 microfarad to 1.0 microfarad and 1.0 microfarad to 100 micro- 
farads. ACCURACY: +2% except on lowest range where, after 
zero of 9 microfarads is subtracted,’ accuracy is +2 microfarads 
+2% of dial reading. DIAL CALIBRATION: approximately 
logarithmic over two main decades, with compressed lower decade 
used for measurements below 100 microfarads.5 RANGE for 
Dissipation Factor: 0 to 45%. FREQUENCY: 1000 cycles +5% 
from internal oscillator. ACCESSORIES REQUIRED: if a d-c 
polarizing voltage is used a 2 microfarad blocking condenser is 
required. Space is provided in the cabinet for such a condenser, 
not supplied with the instrument. Price: $105.00 


90 West St., New York 6 


920 S. Michigan Ave., Chicago 5 


TYPE 1631-A INDUCTANCE BRIDGE 


RANGE for Inductance: 10 microhenries to 100 henries in 3 steps 
of 10 microhenries to 10,000 microhenries; 0.1 henry to 1 henry 
and 1 henry to 100 henries. ACCURACY: =2.5% of dial read- 
ing between 100 microhenries and 10 henries Below 100 micro- 
henries the error varies inversely as the magnitude of the unknown, 
DIAL CALIBRATION: approximately logarithmic over two 
main decades with a compressed lower decade for measurements 
below 100 microhenries. RANGE for Q (storage factor): 1 to 45. 
Other specifications are the same as those for the Type 1614-A 


Capacitance Bridge. 


DELIVERIES PROBABLY FROM STOCK. ORDER NOW! 


GENERAL RADIO COMPANY 


Price: $115.00 


Cambridge 39, 
Massachusetts 


950 N. Highland Ave., Los Angeles 38 
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yar HEATERS 
a ) *) 


J As difference between adaptability and engineered 
adaptability may add definite performance and cost 
advantages to your product. Consult with our engineers 
NOW if you plan to use production-run quantities of 
small motors (1/500 to 1/15 H.P.) in your 1947 prod- 
ucts. A skilled experienced factory engineer will meet 
with your engineers in your own plant. He’ll make a 
thorough study of your product design and probably 
recommend a motor of standard type. But, he’ll engineer 
the physical and electrical characteristics of the motor— 
varying them to adapt the motor specifically to your 
product. Write today, describing briefly your product 
design plans. 


F. A. SMITH MANUFACTURING CO., INC. 
450 DAVIS STREET ROCHESTER 2, N. Y. 
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TRUMBULL 
LV.D. BUSS-WA 


HOT ONLY THE OVEN.....BUT ITS ELECTRICAL 
DISTRIBUTION SYSTEM, AS WELL 


STANDARDIZED, PREFABRICATED 


TRUMBULL 
CONTROL CENTER 


Trumbull’s long experience in the manufacture 


of equipment for Distribution and Control 
of Electrical energy is the “extra dividend” 


Standardized parts permit the 
widest range of utility in oven sizes for any type 


of product, any shape, any mass, any handling 
method. Temperatures to 500° F. can be obtained, 
often in seconds, for baking, drying, preheating, 
expanding or evaporation. Swing-out heater panels 
ance that all components have been time facilitate lamp replacement and positioning. Fully 
tested and proven. insulated from detrimental drafts and heat losses. 
HEEB BEE ERB ERE RB ERB ERR RE RERBRE RRB RRR RRR RBER RRR SS 


paid to purchasers of Raymersion Infrared 
Ovens. You may have a complete installation 
from power source to lamps . . . with assur- 


FROM POWER SOURCE TO LAMPS 


THE TRUMBULL ELECTRIC MANUFACTURING CO. 
PLAINVILLE, CONNECTICUT 


OTHER FACTORIES AT 


worRWwWooon, OHIO — LOS ANGELES — SAWN FRANCISCO — SEATTLE 


fend 
19/6) 
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GENERATORS 
If unit power generation is your problem, 


it will pay you to check our large lists of _ 


this type of equipment. We have gasoline, 
steam, Diesel and electric driven genera- 
tors—(and generators without prime 
movers) in a wide range of load and volt- 
age characteristics, in both a-c and d-c. 


MOTORS 
We have a large supply of electric motors, 
both a-c and d-c, in unusual speeds, volt- 
ages and loads. If you have applications in 
which these motors can be adapted, in- 
quire at your nearest Regional Office for 
full particulars and prices. 


SWITCH GEAR 

Special itemsin this category are now avail- 
able if you can use them. Check your 
requirements and avail yourself of this 
opportunity to purchase switch gear at 
considerable savings. Consult your nearest 
W. A. A. office for description, location 
and prices. 


‘ ” 0 ee eS eS as i oe ke ot ve F eee oe Coe eH 
it om i Sear on, Fag tee Wate ent hl sual be a eh 4! ee 
ape aat Bee 3 5 Pe a co's ae ' 
; e :  S i 
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WIRE & CABLE 
Our inventory includes an innumerable variety of 
wire and cable in sizes and insulations usable in 
industry. Many types cenform to underwriters’ 
specifications—others were made for special pur- 
poses but are adaptable to industrial and com- 
mercial applications. ; ’ <r 


STANDARD AND SPECIAL 
ELECTRICAL EQUIPMENT 
FOR SALE ae 


pr iced for immediate disposal — * 


The War Assets Administration offers you government- 
owned surplus electrical machinery and equipment for 
your reconversion program at substantially reduced prices. 

The offer includes wire and cable, generator sets, 
transformers, switch gear, wiring devices, sub-station 
power conversion and protective equipment. Much of it 
is special but adaptable to a large variety of uses. 

It has been priced to sell and represents attractive 
bargains to the alert and resourceful industrialist en- 
gaging in speedy reconversion. 


i ——_——— ee ee ee ee et ee ee — ane ee ee es ae en ee es oes ee oe 


(Cut out and send to the nearest WAA office listed below) 


War Assets Administration: | am interested in the following checked items: 


C1 WIRING DEVICES 

[-] POWER CONVERSION EQUIPMENT 
[[] suB-STATION EQUIPMENT 

(_] PROTECTIVE EQUIPMENT 


L] WIRE & CABLE 

[_] GENERATORS 

LJ switcH GEAR 

[] SPECIAL ELECTRIC MOTORS 


Name sist Vehieinis. 4.9 sini a Maite g eeoh oe eat sce ale hte ea eee Dale Now ics oh oniaiciisnahen ae 
Birr oop so Scie ean scaly ois o aleTglan gis els diag) Wieialaley els 0) seo en 
Addregg 555s wile a Ms se stateleigiv’s oeleferelsis aie e otalsiersi-s aisle Chis eke yi SaaS en 
CIEY styrene ei irene wits ala er alettais bes] cie ee iT IE ae State’... 5\..coi le error 319-1 


~~, re e 


War ASSET 


S ADMINISTRATION 


OFFICES LISTED BELOW ARE TEMPORARILY IN 
RECONSTRUCTION FINANCE CORPORATION AGENCIES 
Offices located aft: Atlanta + Birmingham ~ Boston - Charlotte - 
Detroit - Helena + Houston Kansas City, Mo. - 
Minneapolis Nashville New Orleans New York Oklahoma City -« Omaha - Philadelphia 
Portland, Ore. » Richmond + St. Louis + Salt Lake City -.San Antonio - San Francisco + Seattle « Spokane 
Cincinnati + Fort Worth (Telephone 3-5381) 


VETERANS OF WORLD WAR II: To help you purchase surplus property, a veterans’ unit has been established in each WAA office. 


Chicago + Cleveland + Dallas + Denver 


* Jacksonville Little Rock +» Los Angeles + Louisville 


20 Please mention ELECTRICAL ENGINEERING when writing to advertisers JuNE 1946 


Ee ee eee ne aS 


PERMANENT MAGNETS MAY DO 


Bs27 
Lf 
3S. 
cen s 


aTERtAl 
Hart cope 


ms Co, 81, Bete 


serials» Copita 


ey dl 


| L 
ae alll 
ne 7ee 


Helpful Reference Data 
for Use of ‘PACKAGED ENERGY’”’ 


Of special interest to engineers and product designers—here are two 
helpful reference charts, shown in reduced size above, on the energy product 
and physical characteristics of permanent magnets featured in the latest 
“Permanent Magnet Manual”, prepared by Indiana Steel Products Company. 

This manual contains valuable technical data on uses and applications 

of permanent magnets; modern materials and methods of fabrication— 

' including complete information on the facilities of the Indiana Steel Prod- 
ucts Co., the world’s largest producer of “Packaged Energy”. Ready for 
prompt mailing to any firm or individual considering commercial magnet 
application, this manual is available without cost. 

More than 24,000 applications of “Packaged Energy” have been 
developed by our engineers. They are intimately acquainted with all 
grades of permanent magnet materials and problems of design and appli- 
cation. You are invited to consult with them without obligation. 


Write for your free copy of 
“Permanent Magnet Manual No. 3” today! 


Producers of Packaged Energy 


«+s THE INDIANA STEEL al PRODUCTS COMPANY « « « 


Copr. 1946, The Indiana Steel Products Co. 


6 NORTH MICHIGAN AVENUE, CHICAGO, 2 ILLINOIS SPECIALISTS IN PERMANENT MAGNETS SINCE 1910 
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If your product uses contacts you'll find in this new 
Stackpole Contact Catalog a wealth of information 
designed to help you select units for maximum ser- 
vice under all conditions of use. New contact de- 
velopments described will prove highly important 
in the design of smaller, better post-war electrical 
equipment. Write today! 


STACKPOLE CARBON COMPANY, ST. MARYS, PA, 


BRUSHES and CONTACTS (All carbon, grophite, metal and composition types) 
RARE METAL CONTACTS « IRON CORES » WELDING CARBON PRODUCTS 
PACKING, PISTON AND SEAL RINGS « RHEOSTAT PLATES AND DISCS 
BATTERY CARBONS * POWER TUBE ANODES o CARBON PIPE, ETC. 
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WAYS WALDES 


14 Vfl (} RETAINING Rives 


IMPROVED 
GENERAL EXCAVATOR’S 


FAMOUS “TYPE 10” 


An amazing time saving 
money saving machine. 
“Type 10” is precision 
: equipment-—a revolution- 
ary development in ex- 
eavating machinery. It’s 
one of many products— 
large and small that 
have the design economy 
and greater work -effi- 4 
ciency of Truarc rings. 9 

x 


See how 
Truarc can improve your prod- 
ucts—cut production and main-. 
tenance costs. Write today for 
Truare booklet showing ap- 
plications and design sketches, 
Specify Booklet 16C 


NOW YOUR MACHINES CAN HAVE THE DESIGN ECONOMY 
of retaining rings regardless of load, stress or accuracy involved. Waldes 
TRUARC high precision retaining rings do the job of nuts, shoulders, 


U.S. PAT. RE. 18,144 


External Type 


collars, pins and snap rings. Yet they allow lighter, more compact units— peers 


make assembly and disassembly quicker, easier. TRUARC retaining rings 
give better, more dependable retention because their mathematical preci- 
sion means perfect circularity—insures an unfailing grip. There’s a Truarc 


ring for every mechanical purpose. 


WALDES 


RETAINING RINGS ‘National Art 
TRADE MARK _ Standard 50 


WALDES KOHINOOR INC., LONG ISLAND CITY 1, N. Y. 


CANADIAN REPRESENTATIVES PRENCO PROGRESS AND ENGINEERING CORPORATION, LTO., 72-74 STAFFORD STREET, TORONTO 
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RHEOSTATS 


.. . Increased Quantities Now 
Available on Short Delivery Cycle! 


TYPE PR-25—25-watt rating. Temperature rise, 140°C. Standard resistance 
values, 1 ohm to 5,000 ohms. Diameter, 172. Depth behind panel, 3". 


TYPE PR-50—50-watt rating. Temperature rise, 170°C. Standard resistance 
values, 0.5 ohm to 10,000 ohms. Diameter, 2@“. Depth behind panel, 146". 


TYPE PRT-25—(AN3155-25). 25-watt rating. Fulfills AN3155_ specifica- 
tions. Totally enclosed. Heat-radiating black finish. Rear terminals. 
Standard values, 10 ohms to 200 ohms. To 5,000 ohms on special order. 
Temp. rise, 140°C. 


TYPE PRT-50—(AN3155-50). 50-watt rating. Same construction as PRT-25, 
to AN3155 specifications. Standard values, 5 ohms to 200 ohms. To 10,000 
ohms on special order. Temp. rise, 170°C. 

All IRC Rheostats operate at about half the temperature rise of 


equivalent units and can be operated at full load on as little as 
25% of the winding with only a slight increase in temperature rise. 


cb COR Pepe 
wt ley, 


as, 3° 


~S 
a 
2 
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INTERNATIONAL RESISTANCE CO. 


401 N. BROAD ST., PHILADELPHIA 8, PA. 


W) 


CONTACT YOUR IRC REPRESENTATIVE 
FOR COMPLETE DETAILS 
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Canadian: Licensee: International Resistance Co., Ltd.. Toronto 


us 
+ SHows ciRCUIT FUNCT!O 


e In engineering the new Du Mont Type 274 Oscillo- 
graph, the emphasis has been on “quality at a price”’ 


—and not price alone. The result: the finest laboratory $ 4) 0 
instrument ever offered for less than one hundred 
dollars. Available soon—and it's worth waiting for! 


© ALLEN 6. DY MONT LABORATORIES, INC 


= . 


ALLEN B. DUMONT LABORATORIES, INC., PASSAIC, NEW JERSEY * CABLE ADDRESS: ALBEEDU, PASSAIC, N. J..-U. S. A. 
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THE NEW ROWAN OIL IMMERSED 
TYPE 800 


Industrial demand for a rugged Lighting Switch 
which provides safety, dependability, minimum 
maintenance and positive operation for use in 
locations where atmospheric conditions are adverse, 
has been met by Rowan engineers with the new 
type 800, oil immersed Lighting Switch. These 
switches are now available in 6- and 12-gang single 
circuit panels of 125/250 Volt A.C., 3 wire main. 


Short circuit and overload protection is provided 
by use of the time-tested Rowan Air-seal fuses. All 
electrical operating parts are completely 
oil immersed thereby eliminating undue 
heating and oxidation of the fuse clips. 


Accelerated tests of over 3,000,000 oper- 
ations without failure assure you of 
dependable performance and minimum 


maintenance. 


Descriptive circular available upon 


request. 


Sectional view of the Rowan 


time-tested Air-seal fuse. 


ROWAN CONTROL 


THE ROWAN [ONTROLLER (0., BALTIMORE M2 
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MOLONEY ELECTRIC CO. « ST. LOUIS 20, MO. 


BRANCH OFFICES IN ALL PRINCIPAL CITIES 
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Increases of as much as 15% in current carrying capacity 
have been measured in cables sheathed in Transite Ducts! 


The figures in the test case illustrated, made by Johns- 
Manville Research Engineers in collaboration with several 
leading cable engineers, apply to a single Transite Duct 
compared with an organic duct. 

Transite Ducts have been proved to dissipate I7R losses 
13% faster than other ductways tested, thus keeping cables 
cooler. Higher load capacity, reduced copper losses and 
increased cable insulation life are the results. 


Made of asbestos and cement, Transite Ducts are strong, 
immune to rust and rot. They are incombustible and un- 
affected by electrolysis or galvanic action. A permanently 
smooth bore makes possible long cable pulls and easy re- 
placements. Long, lightweight lengths can be 
quickly and economically installed. In addition, 
a full line of fittings simplifies even the most com- 
plicated installations. 


JOHNS-MANVILLE 


PRoouctTs 


HOW TRANSITE DUCTS INCREASE 
CABLE CARRYING CAPACITIES 


Tests made on a lead-sheathed 500,000 CM cable 
insulated with %" paper and placed insidea single 
duct encased in concrete. 


Sheath Temperature, 145° F. 
Ambient Air Temperature, 90° F. 


CURRENT CARRYING CAPACITY 


Transite Duct 
Organic Duct 
Difference 


796 amperes 
691 amperes 
105 amperes 


(Figures are results of tests conducted in the 
J-M Laboratory in collaboration with several 
leading cable engineers.) 


For full information on Transite Ducts, write 
for Data Book DS-410. Johns-Manville, Box 
290, New York 16, New York. 


Johns-Manville TRANSITE DUCTS — 
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CONDUIT for use without concrete 
KORDUCT for concreting in —_— 
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THE 


These O-B switch stacks are about to celebrate their twenty-fifth anniversary of constant 
service at 220 Kv., with no end yet indicated. Things that don’t show, on sight or on 


DECISION 


test, account for O-B Insulator life--the thing you want most! 


All switch and bus insulators look 

pretty much alike, but they don’t act 

alike! When new, there isn’t much dif- 
ference, but they don’t stay new! It’s one 
thing to meet standard specifications with a 
unit fresh from stock, but it’s something en- 
tirely different to continue meeting every 
service requirement for a quarter-century or 
more, with the end nowhere in sight... Many 
thousands of O-B switch and bus insulators 
have passed their “Silver Anniversary” of 
faultless performance. The ruggedness that 
was there when they were new--but didn’t 


show--has been paying dividends and will 
continue to do so for years to come... After 
all, isn’t this what you really want in an in- 
sulator? Then buy O-B! 


MANSFIELD, OHIO 


CANADIAN OHIO BRASS CO., LTD., 
NIAGARA FALLS, ONT. 


June 1946 
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A New Data Sheet, richly illustrated, has been issued 
giving new information about Simplex-PLASTEX insulated 
wire. It contains important information that will help you 


to select the right type of wire for your work. It contains 
engineering information which illustrates why no one plastic 
compound is satisfactory for all wire and cable uses and 
lends weight to our statement that to get best. results, 
plastic insulation, like rubber compounds, must be designed 
for the job in hand. 


A copy of this Data Sheet will gladly be sent with- 
out obligation. Write for your copy of Data Sheet #114 today. 


im pLe. = WIRES & CABLES 
Gg [ SIMPLEX WIRE & CABLE CO., 


79 SIDNEY ST., CAMBRIDGE 39, MASS. 
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BASIC EQUIPMENT 
FOR AUDIO 
MEASUREMENTS 


VACUUM TUBE VOLTMETER 
(MODEL 400A) 

Full-scale sensitivity from .03 volts to 300 
volts in 9 ranges. Input impedance 1 
megohm in parallel with 16 mmf. Fre- 
quency response— 10 cps to 1 


RESISTANCE TUNED OSCILLATORS 
Available in 7 models; frequency ranges 
between 2 cps and 200 kc. No zero setting. 
Constant output. Low distortion. 


Wherever audio-frequency and supersonic measurements 
are made, whether in an electronics laboratory, a broad- 


cast station, or on a production line, -/p- equipment will 
AUDIO SIGNAL GENERATOR 
(MODEL 205AG) 


Frequency range 20 cps to 20 kc. 5 watts 
output with less than 1% distortion. Output 
impedances of 50, 200, 500, and 5000 ohms, 
center-tapped. Output attenuator provides 
110 db attenuation in 1 db steps. 


speed the job and guarantee the accuracy of the results. 


Measurements of frequency response, gain, power, and voltage 
level throughout the audio-frequency and supersonic range can 
be made with -/p- Resistance Tuned Oscillators, Audio Signal 
Generators, and Vacuum Tube Voltmeters. Total distortion, hum, 
and noise are conveniently measured with -/p- Distortion 
Analyzers, and individual components of complex waves may 
be studied with the -)p- Model 300A Wave Analyzer. Frequency 
measurements are readily made with the Model 100B Secondary 
Frequency Standard or the Model 500A Electronic Frequency 
Meter. For more data on -/p- measurement equipment, write 


direct to factory. 


HEWLETT-PACKARD COMPANY 


HARM NALYZE 
BOX 1222B+ STATION A* PALO ALTO, CALIFORNIA ARMONIC A YZER 


(MODEL 300A) 
Audio Frequency Oscillators Signal Generators Vacuum Tube Voltmeters "004 Measures individual components of a 


Noise and Distortion Analyzers Wave Analyzers Frequency Meters complex wave. Frequency range 30 cps 


to 16 kc. Variable selectivity. Full-scale 


re Wave Generators Frequency Standards Attenuators Electronic Tachometers 
ae : : sensitivity from 1 millivolt to 500 volts. 
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SILASTIC 


FLUIDS 
VARNISHES withstand heat 
fee RESINS resist oxidation 
GREASES exclude moisture 


SILASTIC* GASKETS 


for the | 
mos power ul aircraft 
engine ever twit! 


chosen best among all gasket materials tested for service at 450°F. 


“NOTHING BUT THE BEST!" That's the policy followed Silastic gaskets fabricated 
by Pratt & Whitney in selecting materials for the powerful Seyi ee 
new 28-cylinder, 3650 h.p. Wasp Major. Hard Rubber Co. seal 56 

rocker boxes of the 28- 
That's why Silastic was chosen for these rocker box gaskets. cylinder Pratt & Whitney 
Factors in the choice were Silastic’s resiliency at the 450°F. won 


operating temperature, resistance to the hot oil, and con- 
venience in handling. 


Silastic will fly with the Wasp Major in such giant new 
airliners as the Boeing Stratocruiser, Douglas Globemaster, 
Martin Mars, and Republic Rainbow. 


If you need a rubber-like material that's resilient up to 
500°F. and flexible down to —‘TO°F., call for “Silastic a 
Facts’ No. 1[A—and TRY SILASTIC! 


*Trade Mark, Dow Corning Corporation 


DOW CORNING CORPORATION . MIDLAND, MICHIGAN | Fins: 


Chicago Office: Builders’ Building Cleveland Office: Terminal Tower 
New York Office: Empire State Building i 
In Canada: Dow Corning Products Distributed by Fiberglas Canada, Ltd., Toronto L ce 
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fe) VER A THOUSAN D DIFFERENT Te Ohmite stock of power See steer 


and tap switches is the largest and most complete 

3 : in existence ... in variety and number! 
Stock model rheostats are available in six differ- 
POS | S, ent sizes from 25 to 500 watts . . . each size car- 


ried in more than a score of different resistance 


Resistors, Tap Switches eer a ae as 0.5 sa and others as 
| AT 


Among the stock resistors are eight sizes of 
wire-wound fixed resistors rated at 1, 10, 20, 25, 
50, 100, 160 and 200 watts. Also seven sizes of 


11a “Dividohm” adjustable resistors rated at 10, 25, 
50, 75, 100, 160 and 200 watts. All sizes are avail- 
. ww able in scores of resistance values, some less than 


1 ohm, others as high as 250,000 ohms. 
e 3 
There are also three series of stock tapped re- 


: sistors (ten-section “Multivolts’”), three series of 
Offers a Dutch srbuswer £0. non-inductive resistors, two series of glass-enclosed 
by eae Pay . non-inductive resistors, five series of ‘“Riteohm” 

precision resistors, seven series of tap switches, 


nine series of radio frequency os and many 
other units. 


So great is the variety of Ohmite stock units 
that a combination of them can be used to obtain 
an endless number of resistances and wattage 
capacities. Special units engineered and produced 
to your specifications. 


6 


OHMITE MANUFACTURING COMPANY 
4803 FLOURNOY STREET, CHICAGO 44, U.S.A. 


Di 


RHEOSTATS * RESISTORS. ae re SWITCHES | 
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Synthetic rubber gaskelsy plus mertaitae 


metal bolting gives wealierprags, Haula 
tight joint on transformer@ fale aneve 
2000 kva. 


Fa Me MMe 


Welded cover for power transformers 


fea en 


IN a G-E power transformer tank there is no 


nee such thing as a “minor detail.’ From the laboratory controlled se- 
fee ree aa aa val peg ore lection of open-hearth steel plate, down to the 3 baked-on coat- 
Sica iooag sted es ings of Glyptal paint, these tanks are built to give utmost protec- 
ond: Inspection. a5 tion to core and coils—with a minimum of inspection and mainte- 
Hi} nance. 


Efficient protection of the insulating liquid from leakage, mois- 
ture absorption and oxidation is essential to trouble-free service. 
In the manufacture and design of G-E tanks, no effort is spared to 
provide oil tightness and moisture-proof construction. At the same 
time, all precautions are taken to assure that the unit will retain 
these maintenance-reducing qualities through many years of service 


Facbarsaniandatdatachable radicals, under all weather conditions. Advanced welding methods, pressure- 


Radiator valves permit removal without 
draining the tank, 


Three coats of Glyptal paint, applied Cover can be taken off and core and Radiators are fabricated and thorough- 


on a clean, smooth, shot-blasted surface coils removed without completely drain- ly tested prior to their installation on 
' offer maximum resistance to weather. ing tank, the transformer tank, 
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These GE femk-condfruction features 
keep maintenance costs low 


Lit 
i 


1. Conveniently located filter press connections 
and oil sampling valve enable easy testing 
and conditioning of oil. 


_ 2. Welds which hold liquid are made exter- 
_ nally for accessibility. 


3. Tubes are braced against vibration. 


4.Glyptal paint, applied over clean, shot- 
blasted surface inhibits corrosion. 


‘5. Tubes are sturdy, swaged at ends to in- 
crease thickness at point of welding, and 
to reduce strains. 


6.Tank is open-hearth steel, checked for 
carbon content to insure good welding 
qualities. 


7. Properly compressed synthetic rubber gas- 
kets or non-porous welds seal all tank joints. 


8. Tube and header construction contributes to 
s oil tightness by radically reducing the 
number of openings in the tank wall. 


gy of welds, the use of synthetic rubber gaskets, uniform 
2ainting—all are major factors in the construction of 
anks. 

s detailed forethought in the design of the tank typifies 
esign of every element of a G-E transformer. First-hand 
‘ience with field maintenance conditions, an outstanding 
edge of electrical design, and testing with the most up- 
te facilities have anticipated every feature that will cut 
e costs and keep your transformer in continuous, efficient 
ition. 

jou are in the process of selecting a transformer, look 
ese features that will result in tangible savings in instal- 
_and maintenance costs. For information call your nearest 
‘epresentative, or write to Apparatus Dept., General 
c Company, Schenectady 5, N. Y. 


GENERAL @ ELECTRIC 
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The tank is an integral part of a G-E trans- 
former. Strength, shape of housing, liquid tight- 
ness, resistance to weather have all been con- 
sidered. The result is a tank that is durable; that 
requires only a minimum of maintenance through= 
out the life of the transformer. 


POWER ~ 
TRANSFORMERS 


401-32-5155 
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ALIKE AS TWO PINS? 


Yes, or alike as two telephone handsets made by the 
same process. Yet, pins or handsets — no two could 
ever be made exactly alike. Dimensions, weight, per- 
formance —all vary every time due to variables in 


manufacture. How can these variables be controlled? 


Back in 1924, Bell Laboratories’ mathematicians and 
engineers teamed up to find out, forming the first group 
of quality-control specialists in history. They invented 
the now familiar Quality Control Chart, designed in- 
spection tables for scientific sampling. They discoy- 
ered that test data mathematically charted in the 
light of probability theory were talking a language 
that could be read for the benefit of all industry. 
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Western Electric, manufacturing branch of the Bell 
System, applied the new science to its large-scale 
production. In war, it was used by industrial and gov- 
ernment agencies of the United Nations in establish- 
ing and maintaining standards for military matériel. 
A Quality Assurance Department, a novelty back in 
the nineteen-twenties, has come to be indispensable 


to almost every important manufacturer. 


Scientific quality control is one of many Bell Labora- 
tories’ ideas that have born fruit in the Bell System. 
‘The application of mathematics to production helps 
good management all over the industrial world — and 


furthers the cause of good telephone service. 


BELL TELEPHONE LABORATORIES 


EXPLORING AND INVENTING, DEVISING AND PERFECTING FOR CON- 
TINUED IMPROVEMENTS AND ECONOMIES IN TELEPHONE SERVICE. 
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In the Weather-Ometer, Weatherproof 
coverings are subjected to the acceler- 
ated aging effects of sunlight, wetting 
and drying, freezing and thawing, 
simulating rain, sleet and searing sun. 


e The long field service expectancy of URC Weatherproof is proven 
by exhaustive tests on materials and finished wire and cable. These 
data, plus actual field experience, indicate URC Weatherproof will 
last for years and years. 4oan0 


Old-type Weatherproof after severe aging tests in the 
Weather-Ometer. 


LOOK TO 
FOR 


For Continuity of Service... 
Anaconda Triple Braid or 
Duraline URC 


URC Weatherproof after similar exposure to severe 


aging tests. 


WEATHERPROOF THAT LASTS! 


ee 
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Only S7ee/ can give you 


real transmission tower 


pp the expert engineering of Ameri 


=; ie a > 
— sturdiness of Steel, and yo 


age, weather, soil, or terrain. They’re verminproof. They're non- _ 
inflammable. Where lightning protection is needed, they support 
the ground wires at the exact location to do the most good. They 


can be “tailored” to fit your particular requirements, and tomeet __ 


the limitations of available transportation. Above all, they ca 
be counted on for many years of trouble-free service. 


American Bridge Company has a complete, modern plant — 4 


devoted entirely to the manufacture, galvanizing, and testing of 
transmission towers, radio towers, and substations. Our facilities 
include the largest and best equipped test frame in the country. | 
So why not call upon the unequalled experience of our tower engi- 
neers in planning your next project? Sixty thousand American 
Bridge towers throughout the world attest their success on the job. 


AMERICAN BRIDGE COMPANY 


General Offices: Frick Building, Pittsburgh, Pa. 


District Offices in: Baltimore + Boston - Chicago * Cincinnati - Cleveland + Denver - Detroit 


Duluth - Minneapolis * New York - Philadelphia. - St. Louis 
Columbia Steel Company, San Francisco, Pacific Coast Distributors 
United States Steel Export Company, New York 


wan con tne 


qanniric f 


CUSTOMERS 
COMPLAINTS 


DEPARTMENT 


——————— — = 4j) Wy 
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LINE POSTS HAVE A 15-YEAR 
SERVICE RECORD 


The first shipment of Lapp Line Posts 
went into service 15 years ago. The 
installation was the one which had 
inspired The Line Post design—a par- 
ticularly bad, and previously unsolved, 
dirt condition. Since then, hundreds 
of thousands of Lapp Posts have 

gone up, in many cases a des- 
peration answer to a difficult service problem—dirt condition, 
mechanical attack, radio noise, arcover failure. And the 

15-year service record of these insulators shows 

them to stand up better, with fewer 


line outages, and lower replacement 


ratio, than any other insulator 
= a §) i? 


LAPP INSULATOR COMPANY, INC., LE ROY, N. Y. 
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For wartime uses, design engineers asked these three ques- 
tions. 


In peacetime, as design engineers plan for peacetime equip- 
ment, the same questions are asked. 


“What are they?” 


G.A.F. Carbonyl Iron Powders are obtained by thermal 
decomposition of iron penta-carbonyl. There are five differ- 
ent grades in production, designated as “L,” “C,” “E,” “TH,” 
and “SF” Powder. Each of these five types of iron powder is 
obtained by special processing methods and has its special 
field of application. 


The particles making up the powders “E,” “TH,” and “SF” 
are spherical with a characteristic structure of concentric 
shells. The particles of “L” and “C” are made up of homo- 
geneous spheres and agglomerates. 


Their weight-average diameter, their total iron contents, 
and their carbon contents are given in the table at upper 
right. 


“Why are they better?” 


Carbonyl Iron Powders are better because of their unique 
spherical shape, shell structure, particle size distribution, 
high degree of purity and freedom from stress. 


Their stability against magnetic shock, temperature 
changes, and time (aging) is of the highest order. 


Permeabilities range up to 70 with low eddy-current losses. 
Q values are the highest obtainable because of extremely 
small eddy-current and hysteresis losses. 


Carbonyl Iron Powders are better as electromagnetic mate- 
rial over the entire communication frequency spectrum. 


A set of relative Q values for the five powder grades is 
given in the graph on the other page to show the conventional 
frequency range for each grade. 


“What are their uses ?” 


Carbonyl Iron Powders are used for electromagnetic cores 
and structures for widely different purposes. Five typical 
applications are shown on the chart at bottom of other page. 


“L” and “C” powders are also used as powder metal- 
lurgical material because of their low sintering temperatures, 
high tensile strengths, and other very desirable qualities. 
Sintering begins below 500°C and tensile strengths reach 
150,000 psi. Compacts can be made having regular pronounced 
porosity to function as a spongy mass. Compacts can also be 
made of highest density for excellent magnetic properties. 


Further information can be obtained from the Special 


Products Sales Dept., General Aniline & Film Corporation, 
270 Park Avenue, New York 17, N. Y. 


——— OO eee 
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Diameters and Chemical Composition 
of the 5 Carbonyl Iron Powder Grades 


Carbony! Weight-Average Total Fe Total Carbon 
Iron Grade Diameter Microns Content % Content % 


99.7-99.9 0.005-0.03 
99.5-99.8 0.03 -0.12 
97.9-98.3 0.65 -0.80 
98.1-98.5 0.5 -0.6 
98.0-98.3 ~ 0.5 -0.6 


RELATIVE Q@ VALUES OF THE 5 CARBONYL IRON POWDER GRADES 


FREQUENCY 


“L” Type Powder used ‘C’ Type Powder for For antenna coils, “E’’ “TH” Type Powder is One use of “SF” Type 
in cores for permeabil- _E-cores in filter coils. Type Powder used in employed for cup _ Powder is in high fre- 
ity tuning. cores, shields in coils. quency choke cores 

(with sealed-in leads). 


CARBONYL [RON POWDERS 
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THE COUNTERSIGN 


A BETTER 351G 


The famous Eimac 35TG VHF tube, with its low inter- 
electrode capacitances, its logical terminal arrangement, 
its lack of internal hardware, zs further improved. It now 
has a non-emitting grid, an improved filament, and a cooler 
operating plate. These improved elements, the result of 
wartime developments in manufacturing technique, are 
being incorporated in many Eimac tubes and are consist- 
ently resulting in vastly increased life. 

The 35TG is a power triode of wide applicability. It 
will function as a Class-C oscillator or amplifier, or as a 
Class-B audio or supersonic amplifier, and in such service 
will give excellent performance, due to its stability and 
low driving-power requirements. 

Longer operating life is but one of the many advantages 
afforded by Eimac tubes. It will pay you to keep informed... 
see your nearest Eimac representative today, or write direct. 


Follow the leaders to 


4 


yBes 
sf EITEL-McCULLOUGH, INC. 
1229R San Mateo Ave., San Bruno, Calif, 


Plant located at: San Bruno, California 
Export Agents: Frazar and Hansen, 301 Clay Street, San Francisco 11, California, U.S. A, 


OF DEPENDABILITY IN ANY 


ELECTRONIC EQUIPMENT 
R 


EIMAC 
35TG 

POWER 

TRIODE 


ELECTRICAL CHARACTERISTICS 


Filament: Thoriated tungsten 
Voltage 
Current . 


Amplification Factor (Average) . 


5.0 volts 
4.0 amperes 
39 


Direct Interelectrode Capacitances (Average) 


Grid-Plate 
Grid-Filament 
Plate-Filament . 


Transconductance (ib = 100 ma., 


Ec=—30V.) . 


Frequency for Maximum Ratings 


Poa 1.8 vuf 
© Uns ee 2.5 vuf 
0.4 uuf 


Eb = 2000 V., 


2850 umhos 
100 me 


CALL IN AN EIMAC REPRESENTATIVE FOR INFORMATION 


ROYALJ.HIGGINS (W9AIO), 6005S. 
Michigan Ave., Room 818, Chicago 
5, Illinois. Phone: Harrison 5948. 
VERNER O. JENSEN, CO., 2616 
Second Ave., Seattle 1, Washing- 
ton. Phone: Elliott 6871. 


M. B. PATTERSON (W5CI), 1124 
Irwin-Keasler Bldg., Dallas 1, 
Texas. Phone: Central 5764, 


ADOLPH SCHWARTZ (W2CN), 220 
Broadway, Room 2210, New York 
7, N.Y. Phone: Cortland 7-0011. 
HERB BECKER (W6QD), 1406 S. 
Grand Ave., Los Angeles 15, Cali- 
fornia. Phone: Richmond 6191. 
TIM COAKLEY (W1KKP),11 Beacon 
Street, Boston 8, Massachusetts. 
Phone: Capitol 0050. 


THE NEW 


Tes? Data 


Tensile Strength.....3000 P.S,L 
Dielectric Strength (.020” 
wall) Wet.............. 1000 VPM 
Dry .............. 1000 VPM 
Ditevats105 ~~" C.22e 2000 Hrs. 
Chemical Resistance (room 
temperature) 
50% Sulfuric Acid and 
30% Sodium Hydroxide... 
Unaffected 
Does not support combustion 
Low Temperature Flexibility 
L.V.1. Pinch test.........—40°C. 
Bell test 
Heat Endurance (.166” ID 
tubing, .016” wall) ASTM- 
D350-43T): 7 days @ 
125°C.—No crack when 
bent 180° around 1/,” man- 
drel—Retains flexibility 
when varnished and baked 
22 hours at 260°F.—No 
flow or drip during 8 hours 
at 300°F. 
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This Irvington formulation provides 
new advantages, new cost-saving fea- 


tures, for many plastic tubing applications. 

For example: Transformer leads of #5373 

remain flexible even after varnishing and baking .. . Under- 

writers’ Laboratories approved #5373 insulation on applica- 

tions involving continuous operating temperatures up to 75 

deg. C. and intermittent temperatures as high as 85 deg. C. 

In addition, #5373 possesses the excellent electrical, mechani- 

cal and chemical properties which distinguish all Fibron 
tubings. 

Tubings of Fibron #5373 are available in all standard 
colors and sizes, and in heavy wall thicknesses—in 36” lengths, 
continuous coils, or cut pieces. For full details and generous 
samples, write Dept.36, Irvington Varnish and Insulator Co., 
Irvington 11, New Jersey. 


IRVINGTON 606000 c0e:Contony 
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L ree iat tite a ea “gy es : i 
MODEL 2405 | 


~ Volt-Ohm-Milliammeter 


25,000 OHMS PER VOLT D.C. 


SPECIFICATIONS | 


NEW “SQUARE LINE” metal case, at- 

tractive tan ‘‘hammered”’ baked-on 

enamel, brown trim. opeane 

Mi PLUG-IN RECTIFIER—replacement 
in case of overloading is as simple as 

changing radio tube. 

Es READABILITY—the most readable 
of all Volt-Ohm-Milliameter scales 

—5.6 inches long at top arc. 


NEW ENGINEERING * NEW DESIGN * NEW RANGES ] 


50 RANGES gy RED-DOT LIFETIME GUARANTEE 
Voltage: 5 D.C. 0-10-50-250-500-1000 at 25000 ohms on 6 instrument protects against : 
per volt. - defects in workmanship and material. 4 
5 A.C. 0-10-50-250-500-1000 at 1000 ohms re . 


per volt. 
Current: 4 A.C. 0-.5-1-5-10 amp. 


6 D.C. 0-50 microamperes — 0-1-10-50-250 

milliamperes—0-10 amperes. 
4 Resistance 0-4000-40,000 ohms—4-40 megohms. 7 
6 Decibel -10 to +15, +29, +43, +49, +55 : 


Output Condenser in series with A.C. volt ' 
ranges. ELECTRICAL INSTRUMENT C0. 


Model 2400 is similar but has D.C. volts 
Ranges at 5000 ohms per rolt. 
OHIO. 


Write for complete description BLUFFTON 


Recommended Practice for 


ELECTRIC INSTALLATIONS ON SHIPBOARD : — 


The latest edition of the ‘Marine Rules’ is now available. These Rules serve as @ 
guide for the equipment of merchant vessels with electric apparatus for lighting, signaling, 
communication, power and propulsion. This edition includes all items contained in 45A 
(war time supplement to the 1940 edition now withdrawn from use) which it has been agreed 
should be recommended as standard construction. 


Price: $2.00 per copy—50% discount to AIEE member on single copies. 


ELECTRIC POWER DISTRIBUTION for Industrial Plants : — 


nea This report outlines sound engineering principles in the design of electric power 
distribution systems for industrial plants and in the selection of equipment for these systems 
from the point of entrance of the power company service or the plant generating bus to the 
terminals of the utilization devices. 


Price: $1.00 per copy—No discounts allowable 


American Institute of Electrical Engineers — 33 W. 39th St., New York 18 
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For more than 30 years, the name “Copperweld” has been the mark of 
copper-covered steel wire made by Copperweld Steel Company’s exclusive 
Molten-Welding process. And—because Copperweld products have proved 
their dependability and economy throughout this long period—the following 
facts are vitally important to you: 


1. COPPERWELD is the only wire made by the Molten-Welding process—in which a thick 
covering of protective copper is permanently and continuously welded to a core of strong 
alloy steel. The perfect interlocking of these two metals, accomplished only by molten-welding, 
provides rugged strength, high conductivity, rust-resistance and long life. 


2. The name COPPERWELD is a registered trademark of the Copperweld Steel Company. 


3, Only Copperweld Steel Company makes COPPER WELD. Only Copperweld Steel Company 
sells and licenses others to fabricate and sell Copperweld-Copper composite conductors. These 
licensees are Anaconda Wire & Cable Company, Kennecott Wire & Cable Company, Phelps 
Dodge Copper Products Corporation, and John A. Roebling’s Sons Company. 


4. The name COPPERWELD should be used only when referring to copper-covered steel 
wire made by the Molten-Welding process. 


5S. The name COPPERWELD should never be used when referring to any other type of 
copper-covered steel wire—for example—wire having copper merely plated on steel. 


All those familiar with the many unique advantages which only 
Copperweld can offer, will see in these statements our sincere 
desire to protect every user. When your specifications or pur- 
chase orders call for Copperweld, make certain that you get 
Copperweld quality by actually seeing the name ‘“Copperweld” on 
the product itself or on the tag accompanying every coil and reel. 


MOLTEN 
WELD —— 


OFFICES IN PRINCIPAL CITIES 
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_ sizes, each designed to 


Lees teegrore Ave. 453 So. Spring St. 343 So. Dearborn St. 
Oakland 12, Cal. Los Angeles 13, Cal. Room 802, 
Tel. Glencourt 5838 Tel. MUtual 3824 Chicago 4, ill MORGANITE BRUSH COMPANY, INC., LONG ISLAND CITY 1,N.Y. 


Tel. WEbster 4936 


‘ : :2 LS ee 
Long life in a © 
commutator or | 
ring, as well as — 
long brush life, — 
means lower | 
maintenance  — 
costs. Morganite 
grades are de- 
signed to give 
long brush life 
with a minimum 
of commutator 
and ring wear. 


CARBON BRUSHES 


If you need DC, get the 
facts on Selenium Recti- 
fiers. Selenium Rectifiers 
are available in a wide 
range of ratings and 


perform an exact and 
vital function in all recti- 
fier applications. Sele- 
nium Rectifiers are small 
in size, light weight, ef- 
ficient, economical and 
adaptable to all mechanical ar- 
rangements. Selenium Rectifiers 
have no moving parts and re- 
quire no maintenance. They are 
simple, rugged and provide in- 
stantaneous and silent operation. 


SELENIUM CORPORATION OF AMERICA 
Affiliate of WICKERS, Incorporated 1s 


1719 WEST PICO BOULEVARD © LOS ANGELES 15, CALIFORNIA’ 
Export Division; Frazer & Hansen, 301 Clay Street, San Francisco 11, Culif, 


> a In Canada: Canadian Line Materials, Ltd., Toronto 13, Canad: 


ELECTRIC SERVICE CONTROL, INC. 


We are in a position to pass 

: FAS 
on years of extensive EE 
war experience to the LOZ 


electrical industry on \& 

: Vy 
the manufacturing of Loy oe 
switchboard and distribution 
equipment, regardless of how complicated its 
operation might be. 


Our experience in packing for the Navy and 
Maritime Commission puts us in a favorable 
position to pack for export. 


We solicit the require- 
ments of 


UTILITIES 

INDUSTRIALS 

CONTRACTORS 

ENGINEERS ~ 

ARCHITECTS 

GOV'T AGENCIES OF ALL 
COUNTRIES 


EXPORTERS 


Engineering, Estimating and Consulting 
Service Available on Request 


ELECTRIC SERVICE CONTROL, INC. 


205 NORTH 12th ST. NEWARK 7, N. J. 
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FEDERAL’S 7C25 is especially designed 


for hard working conditions. It with-. 


stands not only the abuse of extreme load 
variations in electronic heating opera- 
tions... but mechanical deterioration as 
well. 

Widely spaced, unusually tough fila- 
ment and grid elements, positioned with- 
out ceramic insulators, resist shocks and 
constant vibration from adjacent ma- 


‘chinery. In addition, electrical ratings are 


conservative, with a wide margin of safety 
...insuring still further the long, trouble- 
free service you can expect from this tube. 


In 37 years of Federal tube making 
and research, longer tube life has always 
been a prime objective. Federal’s success 
in the 7C25, as well as in a broad line of 
rectifying and transmitting tubes, means 
lower tube costs to you. Write for your 
copy of Federal’s 68-page Handbook of 
Tube Operation. 


5KW Dielectric Heating Unit manufactured by 
Illinois Tool Works, Chicago. Two Federal 7C25 
Tubes are more than ample to produce the 


rated output of this unit. 


ae 


Federal Telephone and Radio (or 


Export Distributor: 
International Standard Electric Corporation 


and log longer 


... in industrial electronic 
equipment such as this 5KW 
dielectric heating unit 

a 


TECHNICAL DATA FOR -TYPE 7C25 


Fildment. Voltage::..:. moqmises ceases alee ".,.11.0 volts 
Filament Current.’ . .20-/.cratatie shat ttaensate bears 27.5. amps. 
Maximum Ratings for Maximum Frequency of 50 Mcs 

DC Plate: Voltagetauner.s ere eeee Cle ets a's selene 4500 volts 

DC. Plate Current sities icin 6 ielsialole o.2)o,'s sistas 1.25 amp. 

Plate Dissipation siete tote eas evaieneileress 2500 watts 
Overall) Height .. 5..:.\s fedeaterdteiotac eipteteleteile 0.07 App. .7 inches 
Maximum. Diameter. ho. cote orien at el cue hokey 0 me 3% inches 
Supplied with 6” flexible copper leads, 2 on each terminal. 
Type of, Cooling? <<: sain ate etme ernteneiaits, filers cco shemeree Forced-air 


sporanion 


Newark 1, New Jersey 
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electrical designers Co 


TRY SILVER 
GRAPHALLOY| 


FOR RELAYS © MOTORS © CONTROLS @ ELECTRONICS | | 


High current density, low contact drop, 
low electrical noise, and self-lubrication 
are characteristics of this silver-impreg- 
nated molded graphite that may be the 
answer to your electrical brush problems. 


Low contact resistance and non-welding 
when breaking surge currents are in- 
herent properties of this unique com- 
bination of conductive silver and 
self-lubricating graphite. 


BRUSHES AND CONTACTS 


SAMPLES of Silver Graphalloy will be gladly 
furnished for fest on your applications. Silver 
Graphalloy is usually silver plated to permit easy 
soldering to leaf springs or holders. Why not 
WRITE NOW for your test ‘samples? 


STANDARDS 


Steam Turbine Generators 


(Large 3600-rpm, 3-phase, 
60-cycle condensing) 


Preferred Standards— 
No. 601 


Standard Specifications— 
No. 602 


(Published as one pamphlet) 


30 cents per copy 


Members discount of 50% on 
single copies 


Test Code for 
Synchronous Machines 


Instructions for conducting 
the more generally applicable 
and acceptable tests to de- 
termine the performance 
characteristics of synchron- 
ous machines. Includes per- 
formance tests for synchron- 
ous generators, synchronous 
motors (larger than fractional 
horsepower), synchronous 
condensers, frequency chang- 
ers and rotary phase ad- 
vancers. 
60 cents per copy 


Members discount of 50% on 
single copies 


A-C 
Power Circuit Breakers 
C37.4 to C37.9 


A new American Standard, 
approved May 16, 1945. 
Supersedes the 1941 edition 
of the proposed American 
Standard bearing the same 
number and the interim 
AIEE Standard No. 19 of 
1943. 


$1.25 per copy net 


Aircraft D-C Apparatus 
Voltage Ratings—No. 700 


Report on a proposed AIEE 
Standard, giving recommend- 
ed standard voltages for all 
types of aircraft d-c electric 
apparatus. 

No charge 


American Institute 


of 
Electrical Engineers 


33 West 39th Street 
New York 18, N. Y. 
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WHAT TYPE or 
Jewel Assembly 
DO YOU NEED? 


No matter what type or size of 
Jewel Light Assembly you need, 
chances are we can produce it 
for you quickly, more satis- 
factorily, and at lower cost! 
Here, every facility is available 
for high speed quantity pro- 
duction speedy, efficient, 
economical service. Drake pat- 
ented features add greatly to the 
value and dependability of our 
products. 

You'll like the friendly, intelli- 
gent cooperation of our engi- 
neers. Let them help you with 
signal or illumination problems. 
Suggestions, sketches, cost esti- 
mates or asking for our newest 
catalog incur no obligation. 


DRAKE MANUFACTURING CO. 


1713 W. HUBBARD ST., CHICAGO 22, ILL. 
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_ @ Every magnet individually tested 
in loud speaker structure before 
shipping... 


* Every magnet meets R. M. A. 
_ proposed standards... 


* Every magnet meets Arnold’s 
minimum passing standards of 
4,500,000 BHmax. 


Here’s what the individual touch 
means. Thousands of the nine 
_different sizes of speaker mag- 
nets shown at right are now be- 
ing turned out daily. Each one is 
individually tested in a loud 
speaker structure before ship- 
ping. Each magnet is made to 


meet R. M. A. proposed standard. 


for the industry. Each magnet 
must meet Arnold’s own mini- 
mum passing standard of 4,500,- 
000 BHmax for Alnico V ma- 
terial. Thus by careful attention 
to the important “individual 
touch” in volume production can 
Arnold promise you top quality 
in each individual magnet you 
select. 


|INDUCTANCE CALCULATIONS | 
SIMPLIFIED = 


At last, inductance calor etioneaas important 
to power, communication, electrical engi- 
neers and those in related fields—have been 
reduced to simple, slide-rule computation. 


INDUCTANCE 
CALCULATIONS 


Working Formulas and Tables 
By Frederick Warren Grover, Ph.D. 


Professor of Electrical Engineering, Union College 
Formerly Consulting Physicist, National Bureau of Standards 


In this brand-new book all problems in inductance calcu- 
lation are made easy and direct. The best single formula 
(or two for checking) has been chosen for every type of element 


or coil; and factors corresponding to dimensions of particular 


elements or coils are provided, so you can find the exact 
theoretical (not empirical) value by the most simple com- 
putations. 


Included are tables that save the vast amounts of computa- 
tion, often with complex mathematical functions, which 
hitherto have been necessary. Now all problems in induct- 
ance calculations can be computed by the use of interpolated 
values of constants, and even with the more complicated 
arrangements of conductors, a straight-forward procedure can 
be outlined. 


CHAPTER HEADINGS 


General Principles; Geometric Mean Distances; Construction 
of and Method of Using The Collection of Working Formulas. 
CIRCUITS WHOSE ELEMENTS ARE STRAIGHT 
FILAMENTS. Parallel Elements of Equal Length; Mutual 
Inductance of Unequal Parallel Filaments; Mutual Induct- 
ance of Filaments Inclined at an Angle to Each Other; Cir- 
cuits Composed of Combinations of Straight Wires; Mutual 
Inductance of Equal, Parallel, Coaxial Polygons of Wire; 
Inductance of Single-Layer Coils on Rectangular Winding 
Forms. COILS AND OTHER CIRCUITS COMPOSED 
OF CIRCULAR ELEMENTS. Mutual Inductance of 
Coaxial" Circular Filaments. Mutual Inductance of Coaxial 
Circular Coils; Self-Inductance of Circular Coils of Rec- 
tangular’Cross ‘Section; Mutual Inductance of a Solenoid and 
a Coaxial Circular Filament; Mutual Inductance of Coaxial 
Single-Layer Coils; Single-La er Coils on Cylindrical Wind- 
ing Forms; Special Types of Single Laver Coil; Mutual In- 
ductance of Circular Elements with Parallel Axes; Mutual 
Inductance of Circular Filaments Whose Axes are Inclined to 
One Another; Mutual Inductance of Solenoids with Inclined 
Axes, and Solenoids and Circular Coils with Inclined Axes; 
Circuit Elements of Larger Cross Sections with Parallel Axes; 
Auxiliary Tables for Calculations with Formulas Involving 
Zonal Harmonic Functions; Formulas for the Calculation of 
the Magnetic Force Between Coils; High Frequency For- 
mulas. 


Durable cloth binding 6 xX 9 295 pages $5.75 


SEND FOR | MAIL THIS COUPON 


D. VAN NOSTRAND COMPANY, INC. 
Y 0 | R C 0 PY 250 Fourth Avenue 
New York 3, New York 
rd O W Gentlemen: 
Use the convenient 


Please send me...... copies of INDUCTANCE 
CALCULATIONS. 


", 


THE ARNOLD ENGINEERING ((OMPANY 


eee eee ee 


order form at right SIME, hs yi OR. eats qeeewe a leteietadsorerststcastents 
to obtain your copy 
_ 147 EAST ONTARIO STREET, CHICAGO 11, ILLINOIS Ae ata. aengoetant Peet ee ome 
Specialists in the Manufacture of ALNICO #"RMANENT MAGNETS. new book. 
Conny hs Seen ae Zone....... NS) sates? 
e he EE-6/46 
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At right: Aerovox Series 20 Hyvol 
impregnated and filled capaci- 
tors in ratings up to 50,000 v. 
Below: Aerovox Series 26 stack- 
mounting Hyvol impregnated and 
filled capacitors in ratings up | 
to 150,000 v. 


PROVIDE DELAYS RANGING | 
FROM 110120 SECONDS | 


Other important features include: 
1, Compensated for ambient tempera 
ture changes from —40° to 110°F. 


2. Contact ratings up to 115V-10a AC. 
3. Hermetically sealed — not affected by 
altitude, moisture or other climate changes 
. . « Explosion-proof. 


4. Octal radio base permits 
easy replacement. 


5. Compact, light, rugged, 


"Special Problem 
» ond Descriptive 


AMPERITE CO. 


561 BROADWAY 
NEW YORK 12, N. Y. 
Canada: Atlas Radio Corp. Ltd 

560 King St. W., Toronto 


chanrorapaaeresnacmmonnesnt ets i 


@ For those extra-severe-service applications of the 
largest capacitors, as well as others, Aerovox units have 
that extra stamina that makes them last. Decades of 
specialization provide an experience background 
second to none in solving all kinds of capacitor prob- 
lems; unexcelled production facilities assure QUAL- 
ITY as well as quantity. 


Aerovox capacitors are liberally engineered for their 
individual applications. Special multi-layer capacitor 
tissues ... long-life, non-inflammable Hyvol impreg- 
nant and fill... constant filtration as regular produc- 


tion routine... thorough evacuation and impregnation 
..» positive hermetic sealing—these facts of Aerovox 


craftsmanship spell long, trouble-free service. EB E 
This transformer (series 130) has many desirable 


features for installation as an integral part of 
electrical equipment. Two-hole horizontal mounting 
cuts assembly time of your product. Lead holes 
can be provided on bottom, top or side of shell. 
Can be supplied to your specifications in a range 


Aerovox capacitors in daily use speak for them. 
selves. No finer capacitors are built. Aerovox engineers 
stand ready to meet your most severe requirements. 


@ Submit your capacitor problem. The 


tougher the better! Write for literature. of sizes from 15 VA to 100 VA. Overall mounting 
space 2-11/32" x 2-13/32" to 3-1/8" x 3-3/4". 
Ses FOR Write for Bulletin 168. 
VARS RADIO-ELECTRON 
- Ic AND THE ACME ELECTRIC & MFG. CO. 


Testy INDUSTRIAL APPLICATIONS 99 WATER ST. iene 


FORD, 
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<_——_—<——_ 5-INCHES—————> 


No Fallacious Guesses. 


There is no guessing with a 
Matthews Teleheight. Any line- 
man can be taught to use it and 
get any height within an inch or 
so: He can learn in five minutes. 


The extra cost of just one 
wrong guess will pay tor one 
or. two Matthews Teleheights. 
Hundreds of them are saving 
lots of money for their owners 
all over the country. Many are 
being used for quickly figuring 
the cubical contents of build- 
ings, the clearance of bridges, 
highlines, etc. 


Matthews Teleheight is only 
five inches long. Has no moving 
parts. It is furnished with a 
leather carrying case that will 
fit in the vest pocket. The draw- 
ing below shows how simple are 
the directions for using it. 


Great for Appraisal Jobs. 


Try one at our risk of your 
approval. 


W. N. MATTHEWS 
. «+ is a major element in Chicago CORPORATION 


Transformers service to the Electronic eT LOUIS? U. $A. 
Industry. If special transformer appli- 
cations are involved in your new pro- 
duct plans, C. T.'s engineering staff 
offers the all-around experience and 
know-how that will best fit these items 
of your component requirements 


CHICAGO TRANSFORMER pare « 


DIVISION OF ESSEX WIRE CORPORATION 


D 
STRUCTIONS 


I 


3501 ADDISON STREET - CHICAGO, i8 


TRADE MARK REG. 
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ZIRCON INSULATORS 


Suitable for uses at high voltages, high frequencies, 
high temperatures, now available to the electrical in- 
dustry at large. 


Composition and manufacturing methods are the same 
as those employed in our production of insulators for 
the Manhattan District, Oak Ridge, Tennessee. 


Large capacity—prompt delivery. 


CooRS PORCELAIN COMPANY | 
GOLDEN, COLORADO 


Inquiries solicited. 


ee. an example of an intricately designed insulator produced in quantity 
by Universal. Universal porcelain insulators have a high dielectric factor, 
high compressive strength. They are unaffected by arcing, heat, cold or 
fumes. They will not corrode, carbonize or oxidize. You can depend on 
Universal insulators to provide long life and satisfactory performance in 
your electrical equipment. 


THE UNIVERSAL ctay propucts co. 


1560 FIRST STREET SANDUSKY, OHIO iso vanicn srneet a Ds we Gitaior ALE 
— EXPORT Division: STREET, NEW YORK 16, N, Y., CABLES: “ 
RS TS A aS OEE EET SR OS ES, ‘ : : 4 
52 Please mention ELECTRICAL ENGINEERING when writing to advertisers June 1946 


BLACK & VEATCH 
- Consulting Engineers 


Water, Steam and Electric Power Investiga- 
tions, Design, Supervision of Constructions, 
* Valuation and Tests 


4706 Broadway KANSAS CITY, MO. 


REG. 1911 MEM. AIEE 
CHRISTIAN E. BROWN 


Mechanical and Electrical Engineer 
DESIGNS—SPECIFICATIONS—REPORTS 
Tel. 7046 MANCHESTER, CONN. 


Member AIEE 


JULIEN H. DAVIS 
Consulting Engineer 


Industrial 
Utility—Electrical—Mechanical 


1730 West Slauson Ave., 
Los Angeles 44, Calif, 


HODGSON & ASSOCIATES 


Physics, Mathematics, Research 
Development and Patent Consultants 
Satisfaction guaranteed or no charge. 
Submit your problem for a free preliminary 
survey. 


Box 874 SHERMAN OAKS, California 


JACKSON & MORELAND 
Engineers 


Public Utilities—Industrials 
* . Railroad Electrification 
Designs and Supervision—Valuations 
Economic fad Operating Reports 


BOSTON NEW YORK 


Registered Patent Attorney 
154 Nassau Street New York 7, N. Y. 


Telephone: BEekman 3-2936 


Roland R. Miner Lottye E. Miner 
Member AIEE Associate AIEE 


MINER & MINER 
Consulting Engineers 
Design - Development - Investigations 
Valuations 
Experience in the utility, industrial and 


appliance manufacturing fields 


1825 Tenth Avenue Greeley, Colorado 


Z. H. POLACHEK 


Reg. Patent Attorney 
Professional Engineer 


PATENTS OBTAINED & SEARCHED 
for any invention in U. S. Pat. Off. 


1234 Broadway Phone 
(At 31 St.) NEW YORK LOngacre 5-3088 


GEORGE E. QUINN CO. 


MANAGEMENT 
CONSULTANTS 


Industrial - Electrical Engineering 
3224 Grand Concourse 
NEW YORK 58, N. Y. 


SANDERSON & PORTER 


ENGINEERS 
AND 
CONSTRUCTORS 


SARGENT & LUNDY 
ENGINEERS 


140 South Dearborn Street 


CHICAGO, ILLINOIS 


GEORGE H. STUMPF, EE. 
ELECTROMAGNETIC 
CONTROLS 


SOLENOIDS, LIFTING MAGNETS 
DESIGNS & SPECIFICATIONS 


Reg. P. E. 18901 PLEASANTVILLE, N. Y. 


WESTCOTT & MAPES. INC. 


Architects & Engineers 
Power Plants Public Utilities 
Industrial Plants 
New Haven, Conn. 


THE J. G. WHITE 
Engineering Corporation 
Design—Construction—Reports— 
Appraisals 


80 BROAD STREET NEW YORK 


J. G. WRAY & CO. 


Engineers 
Utilities and Industrial Properties 


Appraisals Construction 
Plans Organizations Estimates 
Financial Investigations Management 


231 South La Salle Street, Chicago 


Rate Surveys 


CORRECTION 
“Recommended Practice for Electric Installations on Shipboard’’ AIEE No. 45 


ERRATA —Standard 45, Pages 30 and 31 
Sections 18.65, 67, 69, 81, 83 and 85 
In ‘‘Third’’ change ‘‘0.136 in.”’ to ‘0.115 in.” 


Errata sheets for insertion in the 1945 edition can be obtained by writing to 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS - 33 W. 39th St., New York 18, N. Y. 
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New! Complete! 


For the newest, the latest, and the best in radio 
sets, parts, amateur kits, test equipment, tools, 
books .. . mail coupon for your free copy of 
Concord’s first post-war Catalog. Contains 
huge storehouse of thousands of top-quality, 
standard line items . ... ready for same-day 
shipment from CHICAGO or ATLANTA. 
Includes most-talked-about line of exclusive 
Concord Multiamp ADD-A-UNIT Amplifiers 
in America—new-design throughout, offering 
startling innovations in flexibility, fidelity, 
power, and economy... new high standards of 
performance almost beyond belief. Mail cou- 
pon below for full details ... and for “‘every- 
thing that’s new in radio and electronics.” 


RADIO CORPORATION 


LAFAYETTE RADIO CORPORATION 


CHICAGO 7 ATLANTA 3 


901 W. JACKSON BLVD. 265 PEACHTREE ST. 


i Concord Radio Corporation, Dept. C=66 J 
i 901 W. Jackson Blyd., Chicago 7, III. i 
ii Yes, rush FREE COPY of the comprehensive - 
fl new Concord Radio Catalog. o 
H Name cy. scicfectettie’s ae niele Seietathaarad 4 piper nse H 
H AGGreSS. occ cesesccoccnce Pattieteiisstelayaa a i | 
een SUC cers Sar inr ae) VOC riani EMCO olecciee v6 shee - 
SS SS Sr eS Se ee Sy ee ee oe 
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Engineering 
Societies 


New York 
8 West 40th St. 


Chicago 
911 West Wacker Dr. 


In applying for positions advertised by the Service, the 
Aeplicdee actecs, if actually placed in a position through 
the Service as a result of these advertisements to pay 8 

lacement fee in accordance with the rates as listed by the 
ervice. These rates have been established in order to 


Men Available 


TELEPHONE ENGR, B.S. in E.E.; age 28; 
veteran; married, no children; 51/2 yrs exper out- 
side plant planning, des, layout and constr super- 
vision, Also Central office layouts. Desires pos 
with future. Location immaterial. E-214. 


ELEC ENGR; 51, married; General Electric 
test, public util engg, switchgear sales and speci- 
fications, and insurance inspections. Desires perm 
pos. Available two weeks, E-215. 


QUALITY CONTROL ENGR, E.E. grad} 32, 
single; 4 yrs quality control exper with U.S. 
Signal Corps; 7yrs total inspection exper. Desires 
responsible pos in eastern U.S. Would consider 
consulting basis, Available immediately. E-216. 


ELEC MAINT SUPT, indus plants, public 
bldgs, hotels; 25 yrs exper elec mech maint. Pre- 
fers south midwest or west coast. E-217. 


GRAD ELEC ENGR: licensed, Pa; 41 married; 
17 yrs exper, testing and high voltage research, 
transformers, insulation and protective eqpt; 
yrs oe Prof elec engg and high voltage research. 


ELEC ENGR, R.P.I.; 13 yrs prod des, devpmt, 
application. Outstanding record personal initia- 
tive and results. Excellent admin background. 
Broad exper customer relations. Desires exec 
pos product-application engg, or similar. East 
preferred. E-219. 


ENGR, M.S. in E.E., 1940; Navy veteran; 34, 
married; 21/2 yrs exper in lamp manufacturing, 
31/2 yrs in electronics, Desires project engg with 
small manufacturer. Location, east or west coast. 
E-220. 


ELECTRONICS ENGR. B.S. in E.E., 1942; 26, 
single; 2 yrs tech work and supervision elec pwr 
drafting; 3 yrs Naval Electronics Officer. Desires 
engg pos with future. Location secondary. E- 
221-465-C-4 San Francisco. 


"EXEC DESIGNING ENGR; age 49; longrecord 
elec, mech, arch and constr work; desires pos 
South America, contract basis. Spanish spoken. 
Active alert leadership. E-222-2203-Chicago. 


CLASSIFIED ADVERTISEMENTS 


RATES: Sixty cents per line; minimum 
charge based on use of five lines; maximum 
space not to exceed thirty-five lines. Copy is 
due on the 18th of the month preceding publi- 
cation date. 


ELECTRICAL ENGINEER—31—10 years ex- 
perience in engineering field——6 years as supervising 
Welding Engineer in progressive laboratory on 
research and production problems. Well acquainted 
with all types of welding material and apparatus. 
Good working knowledge of metallurgy and non- 
destructive material inspection methods. Experi- 
enced in electrical instrumentation. Desire position 
in production field or in sales engineering where 
future is restricted only by ability, Address, Box 
377, Electrical Engineering, 33 West 39th Street, 
New York 18, N. Y. 


BSEE 1942, Kansas State College. 4 years experi- 
ence in design, development and research in radio 
fora naval laboratory. Specialty directive antenna 
systems, broad band and match amplifiers, and 
cathode ray tube indicator circuits of all types. 
Desires position with a future in research and de- 
velopment of radio equipment. West Coast area 
preferred; any location in U. S. considered. 
Address, Box 378, Electrical Engineering, 33 West 
39th Street, New York 18, N. Y. 


WANTED — ELECTRICAL ENGINEER — for 
power plant design, must have public utility ex- 
perience. WESTCOTT & MAPES, Inc., New 
Haven, Connecticut. 


WANTED-—Copies of the (November 1945) issues 
of Electrical Engineering. Please mail (parcel post) 
to American Institute of Electrical Engineers, 33 
W. 89th St., New York City (18), printing your 
name and address upon the enclosed wrapper. 
Twenty-five cents plus postage, will be paid for 
each copy returned, 


Personnel Service, Inc. 


hen writing to advertisers 


ys 


San Francisco 


Detroit 57 Post St. 


100 Farnsworth Ave. 


maintain an efficient, non-profit personnel service and are 


available upon request. 
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Positions Available 


HYDRO-ELECTRIC DESIGN ENGINEER 
who is qualified by experience to take charge of the 
design of hydro-electric stations with unit capaci- 
ties of 25,000 KW and larger. Permanent. 
Salary open. Location, Pennsylvania. W-6516(b). 


EXECUTIVE ENGINEERS, 2, 35-45, elec- 
trical or mechanical graduates of recognized colleges 
with at least five years’ experience in industry in 
executive capacity. Will be responsible for effi- 
cient, business-like operations of a medium sized 
engineering department, completely staffed tech- 
nically. Salaries, $7500-$8000 a year. Loca- 
tions: one for truck assembly plant in south central 
New York; this applicant must have had extensive 
experience in truck engineering design; the other 
for communications equipment plant in Connecti- 
cut. W-6958. 


PRODUCT ENGINEERS, electrical, mechani- 
cal or chemical graduates, preferably with two 
years’ experience in product engineering work, for 
work on technical glass products, including choice 
of glass composition, design to meet customers re- 
quirements supervising manufacturing drawings 
and specifications. Salary, $3000—$4500 a year. 
Location, upstate New York. W-7065. 


ELECTRICAL ENGINEERS with training and 
experience in electronics. Salary, $2320-$5180 a 
year. Location, Virginia. W-7073. 


ENGINEERS. (a) Development Engineer, elec- 
trical graduate, with at least ten years’ experience 
in research and development of radio and tele- 
phone communication equipment, to assist in cir- 
cuit development program. (b) Model Makers, 
junior and senior, with four to five years’ radio ex- 
perience, to produce test items from sketches and 
verbal instructions. Salaries: (a) $4800—$6000; 
Nepean a year. Location, New York, N. Y. 
W-7125. : 


ENGINEERS. (a) Engineer experienced in 
electrical wiring materials and prices gained through 
years of contact with electrical wholesalers of such 
materials. Must know prices. (b) Electrical 
Engineer familiar with local utility engineering 
practices and having had some sales experience, 
Must have, or obtain, New York State Professional 
License. (c) Electrical Engineer, graduate, to 
learn electrical construction designing. Location, 
New York, N. Y. W-7140. 


ENGINEERS, to 45, electrical graduates or 
equivalent. (a) Development Engineer with ex- 
perience in the design and development of tele- 
phone and signalling equipment and components. 
Salary, $4420 a year. tb) Product Designer with 
experience in mechanical design pertaining to elec- 
tro-mechanical devices. Thorough knowledge of 
mechanical motions, gearing, etc., essential. Sal- 
ate $3900 a year. Location, Connecticut. W- 

50. 


INSTRUCTORS of electrical engineering. (a) 
Assistant Professor with some teaching experience. 
(b) Instructor with or without experience, but with 
an interest in teaching. Salaries open. Location, 
Massachusetts. W-7158. 


INSTRUCTOR to teach electrical measurements 
laboratory, service courses based on such texts as 
Blalock and Fitzgerald, and a major course at 
sophomore level based on Timbie and Bush with 
emphasis on problem material. Salary, $2000- 

2500. Position starts September 1946. Loca- 
tion, Maine. W-7199. 


INSTRUCTORS AND ASSISTANT PRO- 
FESSORS of electrical engineering, engineering 
mechanics or engineering drawing. Bachelor’s 
degree required for Instructor; Master’s for As- 
sistant Professor. One year of teaching required 
for Instructor and five or more for Assistant Pro- 
fessor. Appointments for fall term of 1946. 
Salaries approximately $2300-$3500. Location, 
Michigan. W-7215-D-2868. 


ELECTRICAL ENGINEER, graduate, not 
over 30, for standardization work. Salary, $4000 
a year. Location, New York, N. Y. W-7236. 
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Utility installation ne 
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2 bushing, 60 

eycele Individual 
outdoor capacitori 

é units connected in 
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~ volt system. 
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C-D capacitors provide the simplest and 
most flexible method for boosting power 
load at critical spots without the addition 
of costly equipment, lines, and mainte- 
nance. Pole-mounted or arranged in banks 
‘. for large blocks of reactive kva, they 
adapt power distribution systems for 
any present or future load shifts. C-D 
capacitors can be shunted easily from the 
banks and quickly installed at critical 
\ load points. Each unit is weather-sealed 
against corrosion and discharges in 
accordance with NEMA requirements for 
complete handling safety. 


a 
& 


*s 
Nay 


rs Cornell-Dubilier offers prompt service 
all sizes and types for utility applica- 
tions. Our field engineers will be glad to 


Dubilier Electric Corporation, South 
Plainfield, New Jersey. 


Heavy metal case hermetically 
seals components and protects 
them against the abuse of fre- 
quent shifting. 10 te 15 years 
of effective life is @ conserva- 
tive estimate for C-D capacitors. 


from its large range of Capacitors in 


consult with you. Or write to Cornell- 
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The “BRIDGE-MEG”’ 
Resistance Tester 


Here is a combined “Megger” Insulation Tester and Wheat- 
stone Bridge that has been proved by years of service, and 
that can be used to measure almost any resistance encountered 
in electrical equipment—anywhere and at any time. It meas- 
ures conductor resistance from as low as .01 ohm up to 999,900 
ohms, and can be supplied withVarley loop test facilities. It 
measures insulation resistance from 10,000 ohms up to 200 
megohms. Having a self-contained constant pressure generator 
rated at 250, 500 or 1000 volts d-c, it is independent of batteries 
or outside source of power supply, and is portable, compact 
and simple to operate. 

To all who have electrical equipment to install or to maintain, 
and who appreciate the advantages of one superior instrument 
for all resistance measurements, we recommend and offer the 
“Bridge-Meg” Resistance Tester. Weight 14 lbs. Dimensions 
7” x 83," x 12". 

For complete description write for Bulletin 1615-EE, 


* Trade Mark Reg. U. S. Pat. Off. 


JAMES G. BIDDLE CO. + uitabetenia'7 Pa 
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9 Snpouille Cireull Breaker Problem 


mtn tnisonmscannsstinaiintlnl Ra cibrtioonettaes 


LT-E has found the answer to many unusual circuit 
some of which were given up 
Those illustrated, together 


with many others, cover a wide range of electrical 


breaker problems 


by others as unsolvable. 


applications and each meets unique requirements 


according to rigid standards. 


The experience accumulated by I-T-E in developing 
special circuit breakers is an invaluable aid to the 
policy of constantly improving the standard I[-T-E line. 
Having pioneered the airbreak principle and specialized 
in the manufacture of circuit breakers and switchgear 
for over 60 years, you can be sure of extra dividends 


in circuit protection when you specify I-T-E. 


Get in touch with I-T-E regarding your circuit breaker 
requirements. An I-T-E application engineer is anxious 
to help you. I-T-E Circuit Breaker Co., 19th & Hamilton 
Sts., Philadelphia 30, Pa. 
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Improves Stardand /-TE Equipment 


1 One of a group of fifteen 2000 ampere, 750 volt, 
d-c enclosed drawout automatic reclosing circuit 
breakers supplied a large city transportation company. 


2 A six pole Klamptite disconnect switch arranged 
for use with an anode circuit breaker protecting a large 
600 volt, d-c rectifier. 


3 A 1200 ampere, 15,000 volt Klamptite switch 
arranged for operation in isolated phase bus for a 
western utility company. 


4 A 7500 ampere, 600 volt, d-c high speed circuit 
breaker having an opening speed of 2/5 of a cycle on 
a 60 cycle basis. 


5 4A 570 volt, d-c “circuit maker’’ capable of closing 
a 200,000 ampere circuit. 


6 A portable, crane operated switch for shunting 
current around the pot connections for a large metal 
reduction company. 


HIGH SPEED CIRCUIT BREAKERS @ SWITCHGEAR 
BUS STRUCTURES @ SUBSTATION UNITS 
AUTOMATIC RECLOSING CIRCUIT BREAKERS 


Representatives in Principal Cities 


WANTED: 200,000 STARTS 


TEST SPECIFICATIONS 


CAPACITOR RATING: 130-157 MF, I10 V. A-C, 
; 60 cycles 


LINE VOLTAGE: 132 V. A-C, 60 cycles* 
MOTOR TEST CYCLE: 120 2 second starts/hour 
AMBIENT TEMPERATURE: 65°C s 


* Results in actual application of 150 volts to capaci- 
tors for about '« second before starting switch opens. 


DELIVERED: 1,237,660 STARTS! 


es and Still running! 
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“Set your own test specifications for our — 
Solar A-C Electrolytic Motor-Starting Capacitors”, 
said Solar to a very, very large manufacturer 

of refrigerator motors. “Make them as stiff as you want 


and name your own test laboratory.” 


q . \ f 
We sent the motor manufacturers laboratory 8 Solar type DX capacitors, 
right off the production line. Eight—so there’d be 


no question of freak performance! 
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The specification test started. At 400,000 starts eyebrows raised, at the 
million mark, surprise changed to open-mouthed amazement. 

1,237,660 starts were recorded for each capacitor when 

they let us see the test results after 14 months of continuous starting service. 


No wonder the motor manufacturer's engineers say, 
“We're convinced Solar is BEST for us’. 
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In the Solar line, there's a capacitor that’s best for your use, too— 
one that will take the toughest punishment 
and come out THE WINNER! — 


.s 


Call on Solar for your capacitor needs for Motors, Fluorescent Lamps, 
Electronic Heating and Industrial Control Equipment. 
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SOLAR MANUFACTURING CORPORATION | 
285 MADISON AVENUE ° NEW YORK 17, N.Y, — 


